NASA CONTRACTOR
REPORT

* igiimy

LOAN COPY: RETURN TO
AFWL (DO VL)
KIRTLAND AFB, N. M,

NASA CR-1958

EXPERIMENTAL PLASMA STUDIES

by Michael G. Dunn

Prepared by
CORNELL AERONAUTICAL LABORATORY, INC.

Buffalo, N.Y.
for Langley Research Center

VoL

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION « WASHINGTON, D. C L"-':i--_VMVA,R.CH- 1972



TECH LIBRARY KAFB, NM

LU

o o o o o 00b1L31l6
1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA CR-1958
4. Title and' Suﬁtﬁle o ) o 5. Report Date
March 1972

EXPERIMENTAT PLASMA STUDIES

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.

Michael G. Dunn Final Rept. NAS1-9627
10. Work Unit No.

9, Performing Organization Name and Adéress

Cornell Aeronautical Company 11, Contract or Grant No
. an .

Buffalo,New York NAS1-9627

13. Type of Report and Period Covered

-1 2. Sponsoring Agency Name and A&dress Contractor Report

National Aeronautics and Space Administration -
Washington, D.C. 20546 14. Sponsoring Agency Code

15. Supplementary Notes

16. Abstract The rate coefficients for the reactions CT + e + e ky, C + e~ and CO T + e kyp C + O
been measured over the electron temperature range of approximately 1500°K to 7OOOPK. The measurements
were performed in CO that had expanded from equilibrium reservoir conditions of 7060°K at 17.3 atm
pressure and from 6260°K at 10.0 atm pressure.

Two RAM flight probes were used to measure electron density and electron temperature in the
expanding flow of a shock tunnel. Experiments were performed in the inviscid flow with both probes
and in the nozzle-wall boundary layer with the constant bias-voltage probe. For free-molecular
flow conditions the electron densities deduced using the data interpretation theory suggested by
Smetana agree well with other independent measurements. When the wires were operated in a moderately
transition-flow regime, the free-molecular flow theory underpredicted the electron densities by 20 to
4O percent. The distributions of electron density and electron temperature were independently
measured using voltage~swept thin-wire probes. The agreement between the electron-density distri-
butions obtained with these two probing techniques was found to be good.

Thin-wire Langmuir probes were also used to measure the electron-density and electron-tempera-
ture distributions in the boundary layer of a sharp flat plate located on the nozzle centerline.
The test gas for these experiments was argon plus 0.12 percent nitrogen. The flow conditions were

such that free-molecular flow theories could be used to infer ion dengities. Electron temperatures
measured in these boundary layers were found to be substantially greater than the calculated heavy-

particle translational temperature at the boundary-layer edge and remained relatively constant through
the boundary layer and along the plate.

Admittance measurements were performed with the RAM C and RAM C-C S-band antennas in the presence
of an ionized boundary layer. The test gas was changed from argon plus 0.12 percent nitrogen to
carbon monoxide in order to achieve greater electron-density levels. However, the CO boundary layer
was not probed with thin-wire probes so the electron-temperature and electron-density distributions are
not well known at the present time. Voltage reflection coefficients and phase rotations were obtained
for a range of ne/ne)cr from approximately 0.2 to 3.0, The influence of boundary-layer thickness on
the reflection coefficient was found to be significant.

17. Key'Wo-rds'(Sugges-ted by Author(s}) ’ 18. Distribution Statement
Antennas in Plasma, Martian Reentry
Measurement of Rate Coefficients, Langmuir :
Probe Calibrations Unclassified - Unlimited

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22, Price®
Unclassified Unclassified o8 $3.00

-
For sale by the National Technical Information Service, Springfield, Virginia 22151

%% , : /
/. (EL, R 17:{251}:. /4/%@;/ -
P ) ’
7 /) 270 2L~
Be 7/?5.::2, eltsi







TABLE OF CONTENTS

Section
1 INTRODUCTION .« v ¢ ¢ o o o o o o o o o o«
2 MEASUREMENT OF Ct +e” + e~ THREE-BODY
RECOMBINATION AND CO?t + e~ DISSOCIATIVE
RECOMBINATION IN EXPANDING CARBON MONOXIDE
FLOWS & ¢« ¢« ¢ v o o o o o o o o s s o o
2.1 Experimental Apparatus and Technique . . .
Method of Determining Rate Coefficient .
2.3 Procedure for Calculating Electron-Density
Distribution and Chemical Model Utilized
2.4 Langmuir-Probe and Microwave-
Interferometer Measurements
2.5 Determination of Rate Coefficient
2.5.1 Ct+e” +e”—=C + e~ Reaction in
Expansion from 7060°K at 17.3 atm
Pressure
2.5.2 CO'T + e-—»C + O Reaction in Expansion
from 6260°K at 10.0 atm Pressure .
2.6 Conclusions . . . . . . . . .
3 LABORATORY MEASUREMENTS OF ELECTRON
DENSITY AND ELECTRON TEMPERATURE WITH
RAM FLIGHT PROBES c e e e e e e e e e e e
Experimental Apparatus and Technique
3.2 Discussion of Constant Bias-Voltage Probe
Results in Inviscid Flow e e a4 e s a e
3.3 Discussion of Constant Bias-Voltage Probe
Results in Boundary-Layer Flow . . . . .
3.4 Discussion of RAM C-C Swept Voltage Probe
Data in Inviscid Flow . . e e s
3.5 Concluding Remarks . .
4 ANTENNA ADMITTANCE MEASUREMENTS IN THE

PRESENCE OF IONIZED BOUNDARY LAYERS « e .

4.1 Electron-Density Distributions in Boundary
Layer over Flat-Plate Model e e e e e s

iii

Page

. 10

10

. 11

. 12

. 15

16
16

17

18



Section

4.2 Admittance Measurements with RAM
Antennas e e e

4.2.1 RAM C S-Band Antenna Measurements .

4.2.2 RAM C-C S-Band Antenna Measurements .

4.3 Conclusions

REFERENCES

iv

20
21
22
23

24



EXPERIMENTAL PLASMA STUDIES

By Michael G. Dunn
Cornell Aeronautical L.aboratory, Inc.
Buffalo, New York

1. INTRODUCTION

This document is the final report for Contract NAS 1-9627 which
was initiated in November 1969. Several areas of experimental research
were pursued as part of this study. All of the experiments were conducted
in the expanding-flow environment of a reflected-shock tunnel. The first
area of interest was the measurement of the reaction rate coefficient for
the reactions CtT + e~ + e~ —=C + e~ and COT + e™—=C + O. The results
of these experiments are applicable over an electron temperature range of
approximately 1500 to 7000°K which is consistent with that currently ex-
pected in the stagnation region during entry of a vehicle into the atmos-
pheres of Mars or Venus.

The second area of research was concerned with the operation,
under controlled laboratory conditions, of the wedge-shaped electrostatic
probes that were used onboard the RAM flight vehicles. The probes used in
these studies were the RAM C-1 constant bias~voltage probe and the RAM
C-C voltage-swept thin-wire probes. These probes were used in inviscid
and boundary-layer flows for conditions such that independent measure-
ments of the electron density (and electron temperature in the case of the
RAM C-C probe) could be obtained using microwave interferometers and/or
voltage-swept thin-wire probes.

The third area of interest was concerned with the measurement of
electron-density distributions and antenna-admittance properties in ionized
boundary layers over a flat plate. Measurements were performed with two
S-band and one X-band antennas using four-probe reflectometers. Thin-
wire Langmuir probes operating in the free-molecular flow regime were
used to measure the electron-density distribution in the boundary layer over
the antennas and microwave interferometers were used to measure the elec-
tron density of the free stream at 1 inch and 11 inches upstream of the plate
leading edge.

In the remainder of this report, the results obtained in each of the
areas noted above will be discussed separately. The results of the reac-
tion rate coefficient studies are described in Section 2. In Section 3 the
electrostatic-probe measurements performed with the RAM C and RAM
C-C probes are discussed. The technical discussion is concluded in
Section 4 with a description of the antenna admittance measurements ob-
tained in the presence of ionized boundary layers.



The author would like to thank Mr. Richard Blum of CAL for con-
structing and operating the microwave reflectometers during the course of
the antenna admittance measurements.

2. MEASUREMENT OF C+ +e” +e THREE-BODY RECOMBINATION
AND COT + e~ DISSOCIATIVE RECOMBINATION IN EXPANDING
CARBON MONOXIDE FLOWS

The next step in space exploration beyond the moon project is most
likely the exploration of the planets Mars and Venus. One of the basic ob-
jectives of the first missions will probably be the determination of the com-
position of the atmosphere, not only near the surface, but throughout the
entry trajectory. The success of these missions is partially dependent up-
on the ability to calculate the gas composition in the plasma surrounding the
entry body. At the present time, reaction rate coefficients for several of
the reactions of possible importance in the C-O-N system are not well
known. This lack of data motivated the studies described here. At the
present time attention is confined to reactions involving ions and/or elec-
trons because of the potential communication blackout problem.

Previous measurements reportedl-3* from this laboratory have
presented rat$ coefficient data for the dissociative recombination of NO™',
N2*t, and 02”7 which are also of importance in the C-O-N system. The
purpose of this report is to present ratecoefficient data, obtained in the
same manner, for the electron depletion reactions

C++e'+e-k—>C+e— (1)
r}
and
cof+e” = C+O (2)
r2

Knowledge of the electron temperature is essential for determining kr for
both of these reactions. The electron temperature was therefore measured
and used in the data correlation.

Many authors4-15 have published theoretical predictions of the rate
coefficient for the class of reactions given by Mt + e” + e™—=M + e~ where
M is an atomic ion. The result of Makin and Keck? is used here for com-
parison purposes because of its simplicity and good agreement with avail-
able experimental data. The authors use a classical phase-space concept
in which a point in phase space is used to represent.the impact point of the
three colliding particles and a distribution of these points is assumed to
correspond to a gas in thermodynamic equilibrium. The authors propose a
"trial'" surface which separates the free and bound states of the electron-

* Superscripts refer to references given at end of text.



ion pair at a selected energy which is less than the dissociation limit. By
minimizing the rate at which representative points cross the ''trial'' surface,
a least upper bound to the recombination rate can be calculated.

Bates, Kingston and McWhirter.S in 1962, studied collisional-
radiative recombination between electrons and atomic ions in dense plasmas.
The authors propose a statistical theory which permits the calculation of
the rate coefficient if one knows the relevant spontaneous transition proba-
bilities. The theory has been applied to the calculation of the reaction rate
coefficients for a hydrogen-ion plasma. Application to other ions would
probably be difficult to justify in light of uncertainties associated with cur-
rent transition probability information.

Recently, D'Angelo6 suggested that the classical three-body recom-
bination theory of Thom son’ can be successfully applied to the calculation
of electron-electron-ion collisional-radiative recombination. His results
are in good agreement with the results °§ both Bates, Kingston and
McWhirter® and Hinnov and Hirschberg.

Hinnov and Hirschberg8 present a theoretical treatment of the cal-
culation of the electron-electron-ion collisional-radiative rate coefficient
and, in the same paper, substantiate the theory with exper1menta.1 data
which they have obtained for the three-body recombination of Het and HY
Their theoretical approach involves recombination into the higher energy
states, n> 5, and thus some knowledge of collisional transition probabil -
ities is required. However, by application of a number of simplifying
assumptions, they are able to approximate the rate coefficient without a
detailed knowledge of the collisional transition probabilities. In addition,
the exper1menta.1 results of Motley and Kuckes, 7 for the recombination of
He't, are compared by Hinnov and Hirschberg to their own theory and data
over the temperature range 1300°K to 3000°K. Their theoretical results
are also in good agreement with the previously discussed works of Refs. 4
and 5. The experimentally determined rate coefficients were deduced on
the basis of microwave (electron-density decay) and spectrum line-intensity
(electron temperature) measurements obtained in the afterglow of magnet-
ically confined plasmas of helium and hydrogen.

The only measurement for the three-body recombination relevant to
the C-O-N system is that obta.med by Pa.rk 16 2t an electron temperature
of 10,000°K for the reaction N* + e~ + e”—= N + e~ . His experiments
were performed in the expanding-flow region of an electric-arc plasma
wind tunnel. He used the hydrogen-beta line-broadening technique to deter-
mine the electron density. The electron temperature was obta.:ned from the
ratio of spectral lines of nitrogen, 5617 A and 4935 A . Park 17 also dis-
cusses a theoretical technique for calculating the recombination rate co-
efficients for the deionization of atomic ions. He compares the results of
his calculations for NT to those of Hinnov and Hirschberg (Het) and
illustrates good agreement.



Experimental data for the reaction cot + e” —»C + O have been
reported by Mentzoni and D(fnohoe for electron temperatures of approxi-
mately 273 °K18 and 775 °K. The authors used microwave diagnostics to
study the electron decay in the afterglow following a pulsed d.c. discharge
in carbon monoxide.

In the present experiments, both the electron temperature and num-
ber density were measured. This electron temperature was used in com-
puting the variation of number density along the nozzle. The recombination
rate coefficient was then adjusted until the calculated number density agreed
with the microwave-interferometer data.

2.1 Experimental Apparatus and Technique

A pressure-driven shock tube was used to produce a reservoir of
high-temperature carbon monoxide which was subsequently expanded in a
conical nozzle as shown in Fig. 1. The test gas used in these experiments
was supplied by L1f O-Gen, Inc. A chemical analysis of the gas indicated
the following: 25 15 ppm of nitrogen, argon less than 2 ppm, carbon dioxide
less than 10 ppm, helium less than 4 ppm, hydrogen less than 4 ppm, meth-
ane less than 2 ppm, oxygen less than 2 ppm, and water less than 1 ppm.

The electron number densities were measured at 11.5, 21.5, 31.5
and 41.5 inches from the nozzle throat using microwave interferometers
operating at frequencies of either 35 or 17 GHz. One inch downstream of
each microwave-interferometer measuring station, thin-wire Langmuir
probes were used on the nozzle centerline to measure the electron tempera-
ture and electron density. The microwave interferometers and the experi-
mental procedure are discussed in more detail in Ref. 1.

The probes used in these experiments were constructed by surround-
ing 0.004-inch-diameter tungsten wires with a quartz envelope, leaving a
nominal 0.400-inch length of bare wire exposed. Immediately prior to each
run, the tungsten oxide is removed by placing the probe in a dilute solution
of sodium hydroxide and passing approximately 400 u amps of current
through the circuit for approximately 10 minutes.

2.2 Method of Determining Rate Coefficient

Two reflected-shock reservoir conditions were used to obtain the
reaction rate coefficients for the deionization reactions given by Eqgs. (1)
and (2). At the first condition the test gas was expanded from an equilib-
rium condition of 7060°K and 17.3 atm pressure and the dominant chemical
reaction taking place in the expansion was CT + e~ + e"—»C + e~ . All of
the other reactions given in Table 1 were included in the nonequilibrium
nozzle-flow calculations performed for this reservoir condition, but pertur-
bation of their rate coefficients did not have a significant influence on the
predicted electron-density distribution. At the second condition, 6260°K and
10.0 atm pressure, the reactions involving neutral species only were still



unimportant, but several reactions involving charged species were impor-
tant. By accepting a set of rate coefficients for the charge-transfer reac-
tions it was possible to deduce the rate coefficient for the dissociative
recombination reaction COT + e~ —C + O . In the remainder of the paper,
the method of data analysis is described and experimental results are pre-
sented for each of the previously mentioned conditions.

2.3 Procedure for Calculating Electron-Density Distribution
and Chemical Model Utilized

The nonequilibrium nozzle-flow calculations noted above were per-
formed with the nozzle-flow computer program described in Ref. 20. This
program computes the solution for the gasdynamic properties and chemical
composition in the expansion of an arbitrary gas mixture from an equilib-
rium reservoir state through a given nozzle geometry. The vibrational and
electronic degrees of freedom of the species are assumed to maintain ther-
modynamic equilibrium but the chemical reactions are allowed to proceed at
finite rates. A more detailed description of the modifications made to the
standard version of this program in order to perform the calculations dis-
cussed here is given in Ref. 2. In this study the followmg species were
included: CO, O , CO, , C, O, COt, Ot , Ct, O and e~ .
The chemical-~kinetics model used in the earlier calculations was signifi-
cantly larger than the one shown in Table 1, which was obtained by elimin-
ating from the initial model the unimportant reactions.

Reaction rate coefficients for reactions 1-6 were estimated to be rep-
resented by the expressions given in Table 1. For the expanding flow situa-
tion of interest here, more accurate knowledge of these rate coefficients is
not necessary because the neutral species concentrations in the expansion
were essentially frozen at the nozzle throat (near equilibrium) values and
thus the neutral reactions had little influence on the ion concentrations in the
expansion. Much more important for these studies was the rate coefficients
for the ion-molecule and ion-atom reactions 7-10. Throughout the expansion
these reactions were all proceeding in the direction opposite to that written
in Table 1. The only available experimental data for these reactions were
those obtained by Fehsenfeld, Schmeltekopf and Fe:rguson21 at 300°K for the
reaction COp + Ct—»=CO + COT. To the author's knowledge, rate coeffi-
cients have not been measured for the remaining three reactions. These
rates were therefore estimated at 300°K and extrapolated to higher tempera-
tures as described by the equations given in Table 1. Compared to reac-
tions 7-10, reaction 11 was considerably less important.

In all of the nozzle-flow calculations performed in this study, the
prescribed nozzle cross-sectional area was that of the inviscid core. The
boundary-layer %isplacement thickness was computed using the method of
Burke and Bird. For the conditions of these experiments the boundary-
layer correction is small.



2.4 Langmuir-Probe and Microwave-Interferometer Measurements

A typical swept-voltage probe characteristic obtained on the nozzle
centerline for a reservoif condition of 7060°K and 17.3 atm is shown in
Figs. 2(a) and (b). These oscilloscope records were recorded simultaneous-
ly using two oscilloscopes with the vertical sensitivities adjusted to empha-
size the electron-retarding region, from which the electron temperature was
deduced, and the ion-current region, from which the electron density was
obtained. The voltage applied to the probe was recorded on the lower channel
of each oscilloscope. In these experiments the probe voltage was swept from
-5 to +2 volts relative to ground potential. Figure 2(c) shows the phase-shift
of the incident energy and the voltage sweep relative to the test time obtained
from a microwave interferometer located one inch upstream of the Langmuir
probe. The attenuation of the incident microwave energy was also recorded
but was found to be less than 2 db for this location in the expansion.

The electron density was obtained from the Langmuir-probe data
using the free-molecular flow theory of Laframboise.23 In these calculations,
the dominant ion was assumed to be Ct consistent with the calculated spe-
cies concentrations presented in Figs. 3(a) and (b) for the two reservoir
conditions. However, in contrast to previousl‘ results obtained at this lab-
oratory using several different test gases (air, nitrogen, oxygen and argon),
the electron densities obtained in these experiments from the Langmuir-
probe data were consistently less than the corresponding values obtained
from the microwave interferometers by a factor of 1.4 to 2.0 at the down-
stream stations.

The cause of this apparent inconsistency between the two diagnostic
techniques does not appear to be related to collisional effects which have been
shown by Talbot and Chou?? to produce such a result. The relative magni-
tudes of the mean free paths Niop ¢ Nmen * M e-n? 2—51 and M ,_ -e
were calculated using the expressions summarized by Sonm and are pre
sented in Fig. 4 for one of the experimental conditions. With the exceptlon
of X j_j » which is somewhat smaller at this experimental condition, these
values are not significantly different from those obtained for the previous
nitrogen work of Dunn and Lordi26 in which the probe and microwave-
interferometer results were found to be in good agreement at the downstream
stations. Initially it was felt that the smaller value of the ion-ion mean free
path was contributing to the disagreement. The second experimental condi-
tion was then completed and a quantitatively similar inconsistency between
the probe and microwave-interferometer results was still present. However,
for this experimental condition, all of the mean free paths were comparable
to those for the previous nitrogen work.

The calculated ion-species distributions suggest that the correct ion
has been used in the probe data reduction and the calculated mean free paths
suggest that the probe results should be free of colllslonal effects. Itis
realized that if the collected ion were CO7 instead of C*, then the probe
and interferometer results would be in relatively good a.greement. However,
in order for this to be the case, the mobility of the COT ion would




necessarily be much larger (see Figs. 3(a) and (b) for relative concentra-
tions) than that of Ct and in light of existing information this is an unlikely
result. .

The anomaly described above is disturbing because the only check
one has on proper probe operation is by comparison of the electron-density
results with an accepted measurement standard, in our case the microwave
interferometer. However, because the probe-deduced electron densities
are not essential to the rate-coefficient determination, the problem was not
pursued further. The electron temperatures obtained from the probe results
are, however, used for the rate-coefficient studies. The measured electron
temperatures have been accepted as correct on the basis of past experi~
encel-3126 with Langmuir-probe operation. Later in the text, the influence
of the electron temperature on the rate coefficient results will be illustrated.

2.5 Determination of Rate Coefficient

It was previously mentioned that the rate coefficient for the deioni-
zation of Ct by the reaction Ct + e~ + e —C + e~ and the deionization of
CO?' by the reaction COT + e —=C + O have been measured at two sepa-
rate reservoir conditions. In this section the measurements obtained at each
of the experimental conditions are discussed separately.

2.5.1 Ct+e” + e”—»C + e~ reaction in expansion from 7060°K at
17.3 atm pressure. - The electron-temperature measurements performed
at this experimental condition are compared in Fig. 5 to the calculated
heavy-particle translational temperature. Measurements were made at
axial distances from the nozzle throat of 12.5, 22.5, 32.5 and 42.5 inches
(A/A* =70, 230, 470 and 780). The electron temperature appears to de-
crease slightly with increasing expansion ratios. At the first three measur-
ing stations, the electron temperatures are seen to scatter approximately
*10% about an average value. At the last measuring station the scatter is
somewhat greater. The dashed line faired through the measurements repre-
sents the electron temperature used in the rate-coefficient determination.

The electron-density measurements performed in the expansion are
shown on Fig. 6. The measurements are seen to scatter by approximately
1 15% about an average value. Much of this scatter can be correlated with
the run-to-run variation in the shock-tube incident-shock velocity.

It was previously noted that for these experiments the neutral-
chemistry reactions were relatively unimportant. All of the charged-
chemistry reactions given in Table 1 were included in the calculations but
the only one of importance wag geaction 13. In correlating the experimental
data we have adopted the T _ ~*° temgerature dependence of Makin and
Keck™ for this reaction and the Te"l' temperature dependence =3 for
reaction 12. We do not feel that our results are sufficiently sensitive to
temperature dependence to merit any change from these predicted tempera-
ture variations.




In order to demonstrate the dominance of reaction 13, the rate co-
efficient for each of the reactions 12, 7, 9 and 10 was individually decreased
or increased by a factor of 10 and the nonequilibrium-flow calculation re-
peated. For none of these rate coefficient perturbations did the predicted
electron density change by more than 15%. It can therefore be concluded
that the rate coefficients for these reactions given in Table 1 can be consid-
erably in error without affecting the rate coefficient obtained from these
experiments for the reaction Ct + e~ + e —=C + e~ . By contrast, the in-
fluence of the rate coefficient for reaction 13 on the predicted electron-
density distribution is shown on Fig. 6. Line A on this figure represents
the predicted result using the theoretical rate coefficient of Ref. 4 and is
seen to slightly overpredict the measured results. By increasing their pre-
dicted rate coefficient by a factor of 3.5 (line D) or less (lines B and C) all
of the experimental data can be correlated. A rate coefficient of
(2.210.7) x 1040 Te'4°5 correlates the experimental data reasonably well.

Line E on Fig. 6 illustrates that the electron temperature has an im-
portant influence on the predicted electron-density distribution for this res-
ervoir condition. This result was obtained using the same rate coefficients
as used for line D but the heavy-particle translational temperature was used
instead of the electron temperature in the rate coefficient expression. The
effect of the temperature history is seen to be a reduction in the predicted
electron density at A/A* = 1000 of about 1.6. At smaller area ratios, the
importance of the temperature history can be seen to be reduced.

Figure 7 presents a comparison between the data of this paper and
previous reaction rate coefficient data and predictions for the class of reac-
tions given by MT + e~ + e"—=M + e~ . To the author's knowledge, there
are no other data for the Ct + e~ + e~ —=C + e~ reaction with which the pres-
ent results could be compared. As can be seen from Fig. 7 the prediction of
Makin and Keck,4 which is independent of the ion undergoing recombination,
appears to be a good approximation to the available experimental data.

2.5.2 COt + e —=C + O reaction in expansion from 6260°K at
10.0 atm pressure. - Microwave-interferometer and Langmuir-probe meas-
urements were also performed at the same axial locations as previously de-
scribed for a reservoir condition of 6260°K at 10.0 atm pressure. The
boundary-layer growth for this condition was somewhat different than calcu-
lated for the previous condition which accounts for why the results are plotted
at different area ratios for the same axial location.

The measured electron-temperature distribution in the expansion is
presented in Fig. 8 along with the calculated heavy-particle translational
temperature. The electron temperature is shown to decrease slightly in the
region from 12.5 to 22.5 inches but to remain relatively uniform beyond
22.5 inches from the throat. The scatter in these measurements is some-~
what larger than previously experienced but consistent with that obtained at
42.5 inches for the previous experimental condition (see Fig. 5). The dashed
line faired through the data was used in determining the reaction rate
coefficient.



The measured electron densities are presented in Fig. 9 as a func-
tion of inviscid area ratio. The scatter in these measurements is consistent
with that experienced at the previous experimental condition. However, the
results obtained at the last station appear to be high by about 15% based upon
extrapolation of the three upstream results. The reason for this is not
known but it is possibly due to an inaccuracy in the boundary-layer correc-
tion at this downstream location.

Again the neutral-species reactions were unimportant in the expansion.
However, for this reservoir condition, reactions 7, 8, 9, 10 and 12 were
dominant (all proceeding in the opposite direction to that written in Table 1)
and of approximately equal importance. The three-body reactions 13 and 14
were relatively unimportant even though the dominant ion in the expansion
was Ct (see Fig. 3(b)). The calculations have demonstrated that the reac-
tions controlling the C¥ concentration level are the reactions 7-10 and 12.

The fact that the ion-molecule and ion-atom charge-transfer reactions
have a significant influence on the predicted electron-density distributions is
unfortunate for the purposes of this study in light of the previously noted un-
certainty in the associated reaction rate coefficients. At the present time it
seems reasonable to accept the rate coefficients given in Table 1 for these
reactions and proceed with the data reduction. It is, however, important to
realize that the results may have to be modified if data for these reactions
were to become available.

Lines A, B, and C on Fig. 9 illustrate the influence of the COT + e~
rate coefficient on the calculated electron-density distribution, accepting the
rates given in Table 1 for reactions 7-11. The temperature dependence of
this reaction was assumed to be Tg~ -5 on the basis of previous work by
Hansen, 27 O'Malley, 28 and Cunningham and Hobson.29 The calculations
were performed using the measured electron-temperature distribution. With
the exception of the most downstream data, the electron-density measure-
ments are well correlated bY a rate coefficient given by
krg =(1.5+0.3) x 1022 Te~ 5. The influence of using the electron temper-
ature instead of the heavy-particle translational temperature in performing
the calculations is insignificant as can be seen by comparing lines C and D.

Comparison of line E with line C shows the influence of the ion-atom
rate coefficient on the predicted electron-density distribution. For this
particular calculation, the rate of reaction 9°was decreased by a factor of 5
resulting in a decrease in the electron density of approximately a factor of
1.8. A corresponding decrease in the rates of reactions 8 and 10 produces
a similar result. However, a decrease of a factor of 5 in the rate coefficient
for reaction 7 results in an increase in predicted electron density by a factor
of approximately 1.8. These calculations illustrate that the results pre-
sented here for the CO%T + e~ rate coefficient are sensitive to the rate co-
efficients of reactions 7-10.

The reaction rate-coefficient expression obtained here for the de-
ionization of COT at high temperatures is consistent with previous




measurements!~3 for the NOt (kp.=(6.71X2.3) x 1021 Te'l's s

N,*+ (k. = (1.5 %0.5) x 1022 T ~1+5), and Oz* (k, = (812) x 1021 T, ~1-5),
two-body dissociative recombination reactions. Though this comparison is
only qualitative, it does~suggest that the rate coefficients for the charge-
transfer reactions are not drastically in error.

Figure 10 presents a comparison between the cot + e~ rate coef-
ficient data of ghis paper and the previous low-temperature data of Mentzoni
and Donohoe.!8:19" The measurements were not obtained at comparable
electron temperatures so direct comparison is not possible. However, the
present data can be extrapolated to lower temperatures by applying the tech-
nique used by Hansen?? in his NQT + e~ study and by ourselves in our
N2+ + e~ and 02+ + e~ studies.2?3 The procedure used here was to match
a Tg -0.5 temperature dependence to our data at the characteristic vibra-
tional temperature of CO?T (6 = 3140°K). This extrapolation is seen to
agree reasonably well with the low-temperature data of Mentzoni and
Donohoe.

2.6 Conclusions

The Ct +e” + e~ three-body recombination rate coefficient and the
cot +e- two-~body dissociative recombination rate coefficient have been
measured in carbon monoxide plasmas that have expanded from equilibrium
reservoir conditions of 7060°K at 17.3 atm pressure and 6260°K at 10.0 atm
pressure respectively. The resulting reaction rate coefficient for the re-
combination of GC* is given by kyj = (2.2£0.7) x 1040 T 4.5 cm®/mole
sec for an electron temperature range of approximately 1500°K to 7000°K.
The reaction rate coefficient for the recombination of CO% is given by
kr, = (1.5%0.3) x 1022 Te’1'5 cm”/mole sec for an electron temperature
range of approximately 1200°K to 6200°K. The reader is cautioned that in
order to obtain the COT deionization rate coefficient it was necessary to es-
timate the rate coefficients for several of the charge-transfer reactions.
However, the results obtained are consistent with the dissociative recombi-
nation rate coefficients obtained for NOV, N2+ and 02+ .

3. LABORATORY MEASUREMENTS OF ELECTRON DENSITY AND
ELECTRON TEMPERATURE WITH RAM FLIGHT PROBES

The National Aeronautics and Space Administration has for several
years conducted in-flight radio attenuation measurements (RAl\gb in order to
improve understanding of the causes and methods of predicting~"’ 316 pre-
venting32:33 the radio-signal degradation during earth entry of a space ve-
hicle. In the last few years, electrostatic probes projecting from the space-
craft into the boundary layer and inviscid flow have been flown in an attempt
to measure in-flight electron-density distributions.3* On-board diagnostic
antennas, 39230 reflectometers, 3! and VHF antennas38 have also been used
to obtain information about the surrounding plasma. Prior to flying the
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diagnostic antennas, measurements of the admittance of the RAM C and
RAM C-C antennas were perf.ormed39’40 in a shock-tube facility. Such
measurements can be very helpful in correctly interpreting the flight data.

The use of electrostatic probes to measure the electron density in
the plasma layer of an entering spacecraft has been extensively dis-
cussed.” *? Smetana“~ developed a technique for obtaining electron den-
sities from the ion current collected by constant-voltage wires located in a
two-dimen‘ﬁoriazl rarefied plasma stream. This theory was used by
Scharfman=®"?*“ in reducing probe data obtained in an inviscid shock-tube
flow to demonstrate the applicability of the theory to within a factor of F2
for the RAM C-1 probe for conditions at which the flow was free molecular
with respect to the wire diameter. It was difficult to investigate the probe
operation in a boundary-layer flow in this facility because the boundary layer
was too thin for conditions at which sufficient uniform test flow could be
obtained.

The purpose of this section is to describe laboratory measurements
of electron density obtained in the inviscid and boundary-layer flow of a con-
ical nozzle using the RAM C-1 constant bias-voltage probe and measure-
ments of electron density and electron temperature obtained in the inviscid
flow using the RAM C-C voltage-swept thin-wire probes. An important dif-
ference between the experiments discussed in this report and those men-
tioned above is that relatively thick boundary layers with electron tempera-
tures significantly greater than the heavy-particle translational temperatures
can be obtained on the sidewall of the nozzle. Both the previous shock-tube
experiments and the present nozzle experiments contribute to establishing
confidence in the interpretation of the flight data obtained with the electro-
static probes.

3.1 Experimental Apparatus and Technique

The shock tube and nozzle described in Section 2 and shown in Fig. 1
was also used for these experiments. The test gas used here was UPC nitro-
gen supplied by Air Product and Chemicals, Inc. A chemical analysis of the
gas indicated the following: oxygen less than 0.5 ppm, total hydrocarbons
less than 1 ppm, and water less than 0.15 ppm. The shock tube was purged
with the test gas to approximately 5 torr just prior to each run. A detailed
discussion of the nozzle starting process, uniform-flow duration, and
boundary-layer growth has been previously presented.44’45 The dominant

chemical species at the nozzle measuring stations were calculated? to be
N, » N and NT .

The RAM C-1 electrostatic probe consists of eight iridium wires
with a length of approximately 0.180 inches and a diameter of approximately
0.009 inches. The wires are supported on a wedge-shaped dielectric mate-
rial with the center-to-center separation distance between adjacent wires of
approximately 0.4 inches. The wires were located in the nozzle so that their
length was perpendicular to the velocity vector. These wires were operated
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in the inviscid flow at axial locations of 14.5, 32.5 and 42.5 inches from the
throat and in the boundary layer at 34.5 inches from the throat. The probe
voltage was maintained constant at -5 volts relative to the side collectors.

At the nozzle locations noted above, voltage-swept thin-wire probes
" aligned with the flow direction were used to obtain an independent measure-
ment of the electron density and electron temperature. The ion-current
portion of the probe characteristic was used to infer the electron density.
The experimental procedure used to obtain the Langmuir-probe data in this
nitrogen plasma has been described in detail in previous papers.“’

The RAM C-C flight probe consists of four lengths of iridium wire
with diameter and length of approximately 0.0047 inches and 0.41 inches,
respectively. These wires were mounted in a wedge-shaped dielectric ma-
terial similar to the RAM C-1 probe but in this case the wires were oriented
parallel to the flow direction. In the present experiments, the voltage on
these probes was swept from -5 to +2 volts in approximately 80 u sec, which
is slow enough to avoid transient effects.2® In some cases the voltage ramp
was referenced to tunnel ground and in other cases it was referenced to the
side collectors. The results were insensitive to the voltage reference. How-
ever, the inferred electron density and electron temperature were found to
be very sensitive to probe contamination as will be discussed later.

During all of the experiments noted above an independent measure-
ment of the integrated free-stream electron density was obtained just up-
stream of the probe stations using microwave interferometers operating at
frequencies of either 35 or 17 GHz.

3.2 Discussion of Constant Bias-Voltage Probe Results in Inviscid Flow

It was noted above that the RAM C-1 probe was used in the inviscid
flow at axial locations of 14.5, 32.5 and 42.5 inches. Figure 11l presents
the relative magnitudes of the mean free paths X ;_ .5 N [_.» N o_p»

N j-i» and X e-e as a function of inviscid area ratio. Tﬁese values
were calculated using the expressions summarized by Sonin 5 and the previ-
ously reported nozzle-flow properties.z For the purpose of estimating mean
free paths, the electron temperature can be assumed to be equal to the heavy-
particle translational temperature from the reservoir down to 3500°K at
which point it can be considered to freeze. Measuring stations at 12.5, 32.5
and 42.5 inches are located on Fig. 11. Also included in Fig. 11 is the rel-
ative magnitude of the various probe radii used, i.e., 0.002 and 0.0045
inches. At all of the measuring stations the electron mean free paths are
large compared to the probe radius. Figure 11 further shows that at the
14.5-inch measuring station the RAM C-1 wire diameter is sufficiently large
that interpretation of data using free-molecule theory should not provide the
correct electron densities because current collection should be inhibited by
the relatively small values of N ;_, and N ,_,. Atthe 32.5- and 42.5-
inch stations the 0.009-inch diameter probes should be in free-molecular
flow. It was therefore decided to operate the RAM C-1 probe at 32.5 and
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42.5 inches from the throat to confirm the data reduction technique, and at
14.5 inches to investigate the influence of collisions on the number density
deduced using the free-molecular flow theory.

Figure 12 illustrates typical RAM C-1 probe and microwave-inter-
ferometer data records obtained in the inviscid portion of an expanding nitro-
gen plasma at 32.5 inches from the throat. Figures 12(a) and (b) are the
probe outputs for wires 4, 5, 7 and 8 (see Fig. 13 for relative location) ob-
tained across a 1000 ohm resistor with a constant bias voltage of -5 volts
relative to the probe side collectors. The test-flow period is delineated on
the data records. The nozzle starting process 4 is also evident on these
data records. Figure 12(c) is the 17 GHz microwave interferometer record
obtained one inch upstream of the electrostatic probes. The electron density
measured with this interferometer is used as the reference with which the
number density calculated from the probe current is compared.

Before calculating the number density from the probe data it is help-
ful to know the local electron temperature. These temperature measure-
ments were performed in previous experiments and were repeated here for
verification. As shown in Fig. 5 of Ref. 2 an average value of 3500°K is
representative of the plasma at the 32.5- and 42.5-inch locations. The cor-
responding heavy-particle translational temperature calculated for these
stations is in the range 500 to 600°K. It should be noted that the electron
densities obtained from the theory are a weak function of temperature. That
is, if 500°K were used as the electron temperature instead of 3500°K, then
the electron density would be overpredicted by approximately 15 to 20 per
cent which is within the experimental scatter presented in Figs. 13 and 14.
From the viewpoint of flight-data analysis this insensitivity is important be-
cause it suggests that knowledge of T, is not essential for reduction of the
RAM C-1 probe data. It should be emphasized that this observation is not
true when obtaining electron densities from voltage-swept probes aligned
with the flow since in this case the number density is approximately propor-
tional to the square root of the electron temperature. The RAM C-1 data
analysis procedure has been discussed in detail elsewhere32:41s and will
not be repeated here.

Figures 13 and 14 present the ratio of the number density deduced
from the probe to that obtained from the microwave interferometer with the
probe located in the inviscid flow at 32.5 and at 42.5 inches from the thro‘fg,
respectively. Boundary-layer measurements were previously performed
at these stations for similar reflected-shock reservoir conditions but with
air as the test gas instead of nitrogen. The boundary-layer thicknesses
should not be significantly different for these two gases. At the nozzle sta-
tions of interest here the width of the uniform inviscid flow is approximately
21 to 24 inches which is considerably larger than the 3.53-inch width of the
RAM C-1 probe.

At each location the experiment was repeated approximately 12 to 14
times as indicated by the separate symbols. The centerline of the wedge
leading edge was located on the nozzle centerline. Figures 13 and 14 illus-
trate that for the majority of the measurements the ratio was in the range
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from 0.80 to 1.20. Part of this scatter is due to the slight nonuniformity of
the plasma as illustrated by Fig. 12(c) and part is due to the accuracy with
which the data records shown in Figs. 12(a) to 12(c) can be read. On the
basis of this comparison it was concluded that the theory predicts the correct
electron density when used in the flow regime for which it was intended.

After completing the electrostatic-probe measurements in the free-
molecular-flow regime, the probe was moved to a location 14.5 inches from
the nozzle throat (where the uniform inviscid-flow width was approximately
5 inches) and the experiment was repeated. From Fig. 1l one sees that at
this location both X ___ and X\ j_, were less than the wire radius. The
ratio of the probe radius to this ion-neutral mean free path was approximate-
ly 2.8. Since the probes were in a transition-flow regime, interpretation of
the collected-current data in terms of Smetana's free-molecular flow theory
should not be expected to give the correct results. However, this theory
was employed to deduce the number densities in order to qualitatively evalu-
ate the sensitivity of the results to collisions. The results of these measure-
ments are presented in Fig. 15 and illustrate that the probe-deduced number
densities were approximately 0.6 to 0.9 of the microwave interferometer
values. The lower number densities measured by probes #1 and #8 at the ex-
tremities of the 3.53-inch wide probe suggest that the electron density may
vary by approximately 10 to 15 per cent across the 5-inch wide inviscid core.
However, this variation is not important for the purposes of this study since
the remaining data suggest that if the probe is operated in a transition flow,
then the number densities obtained in the conventional manner will be some-
what less than actual.

The influence of collisions on the inferred number density discussed
above is considerably less than that obtained in previous work by Weissman,
et al. These authors performed experiments under conditions for which
the ratio of the probe radius to ion-neutral mean free path was the same as
experienced here but they found that the inferred number density was approx-
imately 0.05 of the microwave interferometer values. The difference be-
tween the results of the two experiments is felt to be due to a free-stream
velocity effect since Weissman's experiments were performed in a low-
velocity flame facility in contrast to the much higher-velocity flow of the
shock-tunnel results reported here.

A simple anal}r%ig has been published by Talbot and Chou?? that has
been used successfully®® to correct thin-wire data (aligned with the flow di-
rection) for collisional effects. The analysis is a Sgheme for interpolating
between the free-molecular theory of Laframboise“~ and the collision domin-
ated results of Shulz and Brown.48 The technique of Talbot and Chou in its
present form is not applicable to the RAM C-1 geometry but it would be help-
ful for extending the altitude range of the probe data if such a correction
technique could be found. A brief but unsuccessful literature search was
made for an appropriate correction technique.
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3.3 Discussion of Constant Bias-Voltage Probe Results in
Boundary-Layer Flow

The RAM C-1 probe was also used to obtain the electron-density
distribution in the nozzle-wall boundary layer at 34.5 inches from the nozzle
throat. The electron-temperature distribution and an independent measure-
ment of the electron-density distribution were obtained using voltage-swept
thin-wire Langmuir probes. Detailed boundary-layer velocity and density
distributions had previously been performed at this nozzle location (using air
as the test gas) and the results suggested that the wire probes should be in a
free-molecular flow regime. The velocity distribution from Ref. 45 was
used in reducing the probe data because of the similarity in test conditions.
The measured electron temperatures presented in Fig. 16 were also utilized.
The boundary-layer thickness ( & ) and displacement thickness ( 6, ) noted
on Figzsz. 16 and 17 were calculated using the method given by Burke and
Bird for a turbulent boundary layer. The boundary-layer and displace-
ment thicknesses calculated in this manner have been shown to be in good
agreement with experimental data for reflected-shock reservoir conditions
similar to those used here but with air as the test gas. Calculations indicate
that the nozzle-wall boundary-layer growth for nitrogen should be very sim-
ilar to what it was for air.

The temperature results presented in Fig. 16 suggest that the elec-
tron temperature decreases as the nozzle wall is approached. The scatter
in the data is approximately X 15 to 20 per cent which is somewhat greater
than previously experienced (110 per cent) with the thin-wire probes when
they were used in the inviscid-flow environment.

The electron-density distribution measured in the wall boundary layer
is presented in Fig. 17. The results obtained with the RAM C-1 probe are
shown to be in good agreement with the voltage-swept Langmuir probe meas-
urements. As previously mentioned, these latter number densities were ob-
tained from the ion-current portion of the current-voltage characteristic.
Typical data records for these probes and the interpretation method has been
previously presented.2:49 The scatter in the thin-wire electron-density
measurements is again somewhat greater than previously experienced using
the same diagnostic technique in the inviscid flow.

It was noted in Ref. 2 that the indicated number density can be greater
than the real value when using thin-wire probes in a region where the ratio of
probe radius to Debye length becomes less than one. Care was taken in these
experiments to avoid this problem by using relatively large diameter wire
(still within constraints of free-molecular flow) in the low electron-density
region of the boundary layer.

Within the accuracy of the experimental data presented in Fig. 17 the
electron~-density distribution appears to approach the measured free-stream
value at approximately 2.25 inches from the wall. As noted, this is in good
agreement with the anticipated boundary-layer thickness. Further, the
electron-density distribution obtained with the RAM C-1 probe appears to be
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in good agreement with the distribution obtained with the thin-wire probes.

3.4 Discussion of RAM C-C Swept-Voltage Probe Data
in Inviscid Flow

The RAM C-C swept-voltage probe was operated in the inviscid flow
at 32.5 inches from the nozzle throat. The probe voltage was swept from
-5 to +2 volts referenced to either tunnel ground or the side collectors. The
electron-density and electron-temperature results were found to be independ-
ent of the voltage reference. At this nozzle location the wires were in the
free-molecular flow regime (see Fig. 11) and thus the theory of Laframboise
was used in the data reduction.

The electron-density and electron-temperature measurements ob-
tained with this probe were found to be in excellent agreement with previous
thin-wire measurements at this nozzle location. The electron-density meas-
urements were also in good agreement with simultaneously obtained micro-
wave interferometer values measured one inch upstream of the probes.

In order to obtain reproducible data from the swept-voltage probes it
is essential that the surface be free of contaminants. Experience with these
probes indicates that when the surface is contaminated, high electron temper-
atures are indicated. This observation is consistent with that reported in
Ref. 50. It is normal laboratory procedure to ultrasonically clean each
probe immediately prior to each experiment'in a dilute solution of sodium
hydroxide if the probe is tungsten or a dilute sodium chloride-hydrochloric
acid solution if the probe material is iridium. The probe is used for a sin-
gle run and then discarded. It thus becomes important for the flight appli-
cation to have some idea of the susceptibility of the flight probes to relatively
small contamination levels. For this reason, the probes were operated for
three consecutive experiments without cleaning. For each experiment the
probe is exposed to the high-temperature test gas and interface gas for a
total time of approximately one millisecond. The electron temperature re-
sults obtained in these experiments were reproduced with * 10 per cent which
is within the limits of normal experimental scatter. Further use in the ab-
sence of cleaning resulted in increases in indicated electron temperatures
by a factor of two to four. The identity or quantity of the contaminant respon-
sible for the increased temperatures is not known at the present time.

3.5 Concluding Remarks

The RAM C-1 and RAM C-C flight probes have been used to measure
electron density and electron temperature in the inviscid and boundary-layer
flow of the conical nozzle of a reflected-shock tunnel. Nitrogen was used as

the test gas and was expanded from an equilibrium reservoir condition of
7200°K and 17.1 atm.

The electron densities deduced from the current collected by -the RAM
C-1 probe and Smetana's theory were found to be in good agreement with
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independent measurements when the conditions of the theory were obeyed.
The electron densities and electron temperatures measured with the RAM
C-C probe were also in good agreement with independent measurements.
However, the electron-temperature measurement 1is sensitive to probe-
surface contamination which could be troublesome at some point in the re-
entry trajectory. -

4. ANTENNA ADMITTANCE MEASUREMENTS IN THE PRESENCE
OF IONIZED BOUNDARY LAYERS

The purpose of this phase of the studies was to investigate the agree-
ment between measured and predicted antenna admittance for a known distri-
bution of electron density in the plasma layer adjacent to the plate surface.
This research is essentially an extension of the work of Taylor‘]“0 who has
previously measured the admittance of the antennas used here in a shock-
tube flow under much different conditions. His boundary layers were much
thinner than the present ones and the length of the uniform plasma was much
less. The collision frequency, v/w , of his plasma (0.1 torr experiments)
was less than 0.15 which is of the same order as that obtained here. Taylor
illustrates good comparison between his experimental data and the predic-
tions of Croswell, et.al. At the present time, the theoretical calculations
(being performed by W. F. Croswell and C. T. Swift of the L.angley Research
Center) for the conditions of interest here cannot be finalized because a
more detailed study of the boundary-layer electron-density profiles for the
carbon monoxide plasma is yet to be completed.

As part of this research, two S-band and one X-band antennas typical
of the RAM flight hardware were mounted in a sharp flat-plate model which
was subsequently placed in the fiberglas nozzle of the shock tunnel (see
Fig. 1). The boundary layer over the plate provided an electron-density gra-
dient in the near field of the antennas. This boundary-layer was sufficiently
thick so as to permit good resolution of the electron-density profile by de-
tailed probing with thin-wire Langmuir probes.

The initial antenna-admittance and electron-density measurements
were conducted in an argon +0.12% nitrogen test gas. The boundary layer
was probed in detail at two locations along the plate and the result will be
discussed later in this section. Using this test gas, it was possible to
achieve critical electron density for the 3348 MHz antennas but difficult to
obtain values sufficiently in excess of critical to investigate the antenna re-
sponse for overdense plasmas. The test gas was changed to carbon mon-
oxide and sufficiently high electron densities were obtained to achieve this
goal. All of these measurements were performed for low collision frequency
plasmas (v/w < 0.15)and therefore the influence of collisions on the results
was not investigated. However, it is considered important to investigate the
influence of collisions, but that will necessarily be done at a later date. As
Previously mentioned, the electron-density distributions in these boundary
layers are not precisely known because it was not possible to probe the
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carbon monoxide boundary layers under support of the current contract.
However, for the purposes of preliminary calculations, the profiles meas-
ured in the argon plus 0.12% nitrogen plasma can be used because the gas
dynamic parameters and the chemical kinetics are similar for the test
conditions considered.

The width of the ground plane used in these experiments was such
that it was not possible to move the flat plate sufficiently close to the nozzle
throat so as to achieve X-band critical electron density. It is currently
planned to re-structure the model so that this can be done in the future. In
so doing, the collision frequency, v/w , will also be increased. For this
reason, the discussion presented here will be confined to the admittance
measurements obtained with the two S-band antennas.

4.1 Electron-Density Distributions in Boundary Layer Over Flat Plate Model

In preparation for the antenna admittance measurements, the
boundary-layer electron-density profiles at two plate locations were meas-
ured. The plate was located in the inviscid nozzle flow such that the leading
edge was at 22.5 inches from the throat and the top surface was on the nozzle
centerline. The test gas used in these experiments was argon plus 0.12 per
cent nitrogen. The reflected-shock processed gas was at an equilibrium
reservoir condition of 12,150°K at 30.1 atm pressure. The dominant chem-
ical species at the leading edge of the plate were calculated to be Ar and Art
and the free-stream Mach number was calculated to be 15.0.

A small amount of nitrogen (0.12 per cent) was added to the argon
test gas in order to obtain ionization equilibrium in the reflected-shock reser-
voir prior to termination of the useful test time. As a result of this nitrogen
addition, the electron temperatures in the expansion are greater than the
argon temperatures because of the electron thermal energy transfer with the
vibrational degrees of freedom of molecular nitrogen.

The flat-plate model was 7-inches wide by 30-inches long. The top
surface was constructed of plexiglas with the exception of a l1-inch long stain-
less steel leading edge. Boundary-layer surveys were performed at dis-
tances from the leading edge of 6.75 and 19.25 inches. At the most upstream
location, the flow is considered to be two-dimensional since spanwise static-
pressure measurements obtained by Boyer53 at 5 and 10 inches from the
leading edge, for similar flow conditions, indicated that the flow was uniform
across the plate. However, for the 19.25 inch location pressure measure-
ments were not obtained, and it is possible that the flow here may not have
been two-dimensional.

During all of the experiments noted above an independent measure-
ment of the integrated freestream electron density was obtained just upstream
of the probe stations using microwave interferometers operating at frequen-
cies of either 35 or 17 GHz.
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The voltage-swept thin-wire probes used for these measurements
were described in previous sections. In performing the probe measure-
ments, care was taken to keep the probe holder far out in the flow to avoid
any possible interference effects in the subsonic flow region. The quartz
tubing surrounding the probes was bent as shown in Fig. 18. The 1/16-inch
diameter tubing used in the probe construction did not permit probing to dis-
tances less than 0.060 inches off the plate surface.

A typical swept-voltage probe data record obtained at 0.060 inches
from the plate surface is shown in Fig. 19. Also shown is a 17 GHz micro~
wave-interferometer data record obtained 1l-inch upstream of the leading
edge. The calculated Mach number of the freestream at the leading edge of
the pla.te was equal to 15. 0 and the mean free paths were as follows:

)‘ee l.5cm, ) j.i l7x10"3cm, N e-pi= 2.7 cm,
N $T€=7.8x 10-3 ¢, and A 4. n=2.4x 10-3 cm . The magnitude of
these mean free paths increased with increasing distance from the throat.
At the first measuring station over the plate the smallest of these mean free
paths, M j_j, was about 0.5 of the probe radius. It was assumed that the
probes were operating in free molecular flow and the free molecular flow
theory23 was used in reducing the data.

Number- density measurements obtained in the boundary layer at 6.75
inches are shown in Fig. 20. The measurements approach the estimated
freestream value at approximately 1.0 1 0.2 inches from the surface and de-
crease by an order of magnitude as the wall is approached which is consist-
ent with the estimated gas density in this region.

The leading edge of the flat plate (first 1 inch) was constructed of
stainless steel and the remainder of the plate surface was plexiglas. It was
realized that this construction represents a potential step ‘function change in
surface catalysis. However, results presented by Chung suggest that such
a change should not influence the boundary-layer profiles at the two down-
stream measuring stations for these experiments. The dominant ion in this
flow environment was calculated to be Art . In addition, the freestream Art
concentration was found to be frozen well upstream of the plate leading edge.
It is thus unlikely that gas-phase recombination of ions and electrons in the
boundary layer would be important. Also doubtful is the possibility that the
plexiglas surface would provide a good catalyst for surface recombination
which would then result in a diffusion controlled boundary layer that could
have a profile consistent with the measurements. Most likely, the boundary-
layer electron concentration was frozen at an upstream value and the meas-
ured profile reflects the boundary-layer gas-density distribution. However,
it is difficult to be certain of the mechanism responsible for the measured
number-density profile. The scatter in these ion-density data is less than
experienced in the wall boundary layer but consistent with that observed in
inviscid-flow measurements.

The flat-plate boundary layer electron-temperature measurements

are presented in Fig. 21. Unfortunately, there was significant scatter in the
results of these temperature measurements. It was not possible to observe
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the trend of decreasing electron temperature through the boundary layer as
was seen in the nozzle-wall experiments re%orted here and in the previous
flat-plate experiments of Tseng and Talbot. 5 On the basis of these meas-
urements it could only be concluded that the electron temperature was rela-
tively constant through the boundary layer at a level considerably higher than
the argon translational temperature of approximately 130°K.

Electron-density and electron-temperature measurements obtained
at 19.25 inches from the leading edge are presented in Figs. 22 and 23. The
number-density measurements suggest a reasonably thick boundary layer on
the order of 2.0 inches, at which the measured number density approaches
the estimated freestream value of 4.0 x 1010 e-/cm3. This estimate of the
number-density is included for comparison purposes and was obtained from
microwave-interferometer data taken at the measuring station in the absence
of the plate. This comparison assumes that the plate does not significantly
disturb the flow. The decrease in the outer-flow electron density between
the 6.75 and 19.25 inch locations is consistent with that anticipated as a re-
sult of gas-density decrease and frozen electron concentration.

The electron-temperature data presented in Fig. 23 suggests that the
electron temperature was relatively uniform through the boundary layer.
The data scatter is considerably less than experienced at the 6.75 inch loca-
tion. The explanation for this difference is not clear since the same diag-
nostic techniques and flow environment were used to obtain the measurements.
Comparison of Figs. 21 and 23 suggests that the electron temperature was
not only constant through the boundary layer, but it was also relatively con-
stant along the plate. This observation is consistent with a frozen boundary-
layer flow in the absence of energy sinks such as thermalization, exchange
with vibration, etc. and the absence of energy sources such as recombination.

4.2 Admittance Measurements with RAM Antennas

Figure 24(a) and (b) illustrate the RAM C-C S-band antenna
(3348 MHz) and the RAM C S-band (3348 MHz) and X-band (10044 MHz)
antennas mounted in the flat-plate model. As can be seen from Fig. 24(b),
the RAM C-C antenna does not extend through the plexiglas top surface of the
plate. However, both of the RAM C antennas do so that their apertures are
immediately adjacent to the ionized boundary layer. For all of the data re-
ported in this section, the test gas was carbon monoxide. It should be empha-
sized that the boundary-layer measurements described earlier were per-
formed in an Argon + 0.12% nitrogen test gas. A description of the flat-plate
construction is given in Section 4.1,

Schematic diagrams of the S-band and X-band four-probe reflectom-
eters are given in Figs. 25 and 26. The reflected signal was also monitored
as indicated on the schematics. These systems were very convenient for
data reduction purposes in that five arcs were always available for Smith-
Chart construction. Waveguide instead of coaxial cable was used wherever
possible in the systems.
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In the remainder of this section, the experimental data obtained to
date for the RAM C and the RAM C-C S-band antennas are described sepa-
rately. As previously noted, the electron densities at the measuring stations
were not sufficiently high to excite the X-~band antenna.

4.2.1 RAM C S-band antenna measurements. - As part of the pre-
experiment calibration, the diode spacings were measured using a moveable
short. If the microwave diodes are numbered so that #1 is nearest the gen-
erator and #4 is nearest the short, then the spacings were 1-2 = 0.1255 \ G,
2-3=0.1218 Az, 3-4 =0.1278 A g, and 4-1 =0.1252 A G where NG was
the guide wavelength of 11.378 cm. The reflectometer system was tuned
using a matched load with VSWR of approximately 1.025 to 1.035. Each of
the diodes was then calibrated as follows. An attenuation of 3 db was set on
the variable attenuator and the four diode outputs were adjusted until they
were equal. The attenuation was increased in increments of 1 db until reach-
ing 26 db. The attenuator was then set to ® attenuation and the final readings
taken. The voltages were normalized so that the diode output at 3 db attenu-
ation represented the radius of the Smith Chart. During the experiments this
3 db tare was always set on the variable attenuator.

The free-space admittance was measured with the antenna inside and
outside of the shock tunnel, but no difference was observed between the re-
sults. Aluminum foil was then placed over the antenna aperture to obtain the
antenna short reference. In addition, the coaxial cable was shorted at the
antenna input terminal to obtain an additional reference.

This antenna was operated at two locations in the flat plate, 6.75 and
11.25 inches from the leading edge. The major differences between these
measuring stations are the boundary-layer thickness and the peak value of
the electron density. Previous Langmuir-probe measurements in the argon-
nitrogen test gas suggested that the boundary-layer peak electron density
would be nearly equal to the freestream value at the antenna location. Three
experiments were performed at the 6.75-inch location, but in each case the
pPlasma was considerably overdense. Several additional experiments were
performed at the 11.25-inch location and these spanned the range from under-
dense thru critical to overdense. The results of these experiments are given
in Table 2.

Figure 27 is typical of the reflectometer and microwave-
interferometer oscilloscope records obtained:. The test-flow duration is
noted on the oscilloscope records. The 50-usec duration pulse near the right
side of these records is the zero-signal level obtained by turning off the TWT
and the microwave interferometer power supply with a gating pulse. The
horizontal line is the no-plasma signal level recorded approximately two
milliseconds prior to plasma arrival at the plate leading edge. A limited
number of lower confidence-level data points can be obtained from the post-
test time plasma. In some cases this was done and the data points are so
designated in the discussion to follow.
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The measured voltage reflection coefficients are presented in Fig. 28
as a function of peak electron density over the antenna d1v1ded gf critical
electron density for 3348 MHz (approximately 1.4 x 101l e-/cm3). Recall
that these electron densities are obtained by extrapolating upstream micro-
wave interferometer measurements because Langmuir-probe measurements
above the plate were not performed for carbon monoxide test gas. Previous
experience in an argon-nitrogen test gas has indicated that this type of ex-
trapolation gives reasonably good results.

One of the more interesting results of these experiments is the differ-
ence between the voltage reflection coefficients of approximately 1.0 meas-
ured at the 6.75-inch location and the value of approximately 0.70 measured
at the 11.25-inch location for ne/ne)Cr values in the range 1.5 to 3. The
most obvious difference between these locations is that the boundary layer
was somewhat thinner at the upstream location than it was downstream sug-
gesting that boundary-layer thickness may have a significant influence on the
results. The data presented in Fig. 28 also illustrate a rapid change in re-
flection coefficient in the range 0.4<ng/ne)..<1.0. Outside of this number-
density range, the reflection coefficient alone is not a sensitive indicator of
electron density.

All of the results obtained with this antenna are plotted on a single
Smith Chart and given in Fig. 29. The circles indicate this uncertainty in
the five arc intersections. The phase rotation and voltage reflection co-
efficient with changing electron density are both illustrated by this plot. For
purposes of completeness, these phase measurements and their estimated
uncertainty are replotted in Fig. 30 as a function of ne/ne)Cr .

As previously noted, the reflection coefficient was essentially zero
when the X-band antenna was used at these locations even for the highest
electron densities. For this reason, the X-band results are not presented
here. '

4.2.2 RAM C-C S-band antenna measurements. - The RAM C-C
antenna was installed in the flat plate at 6.75 inches from the leading edge
and the top side of the plate was located on the nozzle centerline with the
leading edge at 22.5 inches from the nozzle throat. Carbon monoxide was
used as the test gas so that relatively high electron-density levels could be
achieved in the boundary layer over the plate. The average freestream elec-
tron density was measured at 11.5 and 21.5 inches from the nozzle throat
using microwave interferometers.

The reflectometer diode spacings for these experiments were the
same as those given in Section 4.3.1 for the S-band system. The free space
admittance was found to be independent of whether the antenna was inside or
outside of the fiberglas nozzle. Aluminum foil was placed under the plexi-
glas and over the antenna aperture to obtain the aperture-short reference.
The coaxial cable was also shorted at the antenna input terminal in order to
obtain an additional reference.
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For these experiments, the peak electron density over the antenna
was varied in the range of approximately 0.6 <ne/ne)cr< 2.9 by adjusting
the strength of the incident shock. The experimental results obtained, in-
cluding the arc lengths for the five diodes, are summarized in Table 3.

Figure 31 is typical of the oscilloscope records obtained for the
reflectometer diodes and the microwave interferometers. The test time is
noted on the oscilloscope records as are the no-plasma voltages and the
voltages with the TWT and interferometer power supply turned off. Once
again, it was possible to use the post test-time flow (see Fig. 31(g)) and ob-
tain lower confidence-level microwave-interferometer and reflectometer
data.

All of the reflectometer data obtained in the CO plasma with the
RAM C-C antenna are presented on the Smith Chart of Fig. 32. Again, the
circles represent the uncertainty of the measurements as determined by the
intersection of the five diode voltages. Much of the phase rotation uncer-
tainty associated with these records was due to the #1 diode arc being con-
sistently long. Care was taken to calibrate each of the oscilloscopes just
prior to and after each experiment using a VIVM, thus it is doubtful that the
difficulty is associated with a calibration error. This diode appeared to op-
erate satisfactorily when obtaining the free space admittance for which the
circle of uncertainty was comparatively small.

The voltage reflection-coefficient measurements for the RAM C-C
antenna are presented in Fig. 33 as a function of n.a/ne)cr . The peak
electron-density level at the measuring station was extrapolated from the
two upstream(11.5 and 21.5-inches from the throat) microwave-
interferometer measurements in the manner described in Section 4.2.1.

The free space reflection coefficient (see Table 3) measured just prior to
plasma arrival ranged from 0.33 to 0.36. A decrease from this free space
value to a value of 0.25 was observed when the ratio of ne/ne) reached
about 0.64 suggesting that the plasma may have tuned the antenna. In sup-
port of this suggestion, the oscilloscope record of the reflected-signal diode
is given in Fig. 34 along with the microwave-interferometer oscilloscope
records obtained at the upstream locations. During the useful test-flow peri-
od, the reflected signal can be seen to be significantly less than the no-
plasma or free space value. For electron densities greater than ne/ne)cr

of 0.64, the reflection coefficient increases rapidly to a value of approxi-
mately 0.86 at ng/ne)cy ©f 1.2 and remained relatively constant for increas-
ing electron-density levels.

4.3 Conclusions

Number-density and electron-temperature distributions were meas-
ured in the boundary layer of a sharp flat plate at 6.75 and 19.25 inches
from the plate leading edge. Significant gradients in electron density were
measured through the boundary layer but the electron temperature was found
to be relatively constant. In addition, the electron temperature remained
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relatively constant along the plate. These measurements were performed in
an argon +0.12% nitrogen test gas. This choice of gas was unfortunate be-
cause it was later found that significantly greater electron densities could be
obtained in carbon monoxide test gas. These higher number densities were
necessary for the purpose of the antenna admittance measurements also re-
ported herein.

The RAM C and RAM C-C S-band antennas were operated in the
presence of an ionized boundary layer of low collision frequency. Both an-
tennas illustrate marked increases in voltage reflection coefficient and phase
rotation when the peak electron density over the antenna approached critical.
The influence of boundary-layer thickness was investigated for the RAM C
antenna measurements and found to be significant. Comparison of the ex-
perimental results with existing theory is yet to be completed.
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Table 1 CHEMICAL KINETICS MODEL USED IN DATA CORRELATION

NO. REACTION THIRD BODY, M | RATE COEFFICIENT IN DIRECTION SHOWN, COMMENTS
| IN ¢cm3/mole sec OR cm6/mole“sec
K 18 -0.5 5 L
110y +M —>20+M [0} 21x 10’71V exp (-1.1796 x 10°/R T}
K 21 1.5 5
2 |0,+M —>20+M C. CO, €O, 12x 1027 715 exp (11796 x 105/R,T)
' kf :
| 3 lco+m—>c+o+m | 0,0,c0 o, | 248x10" 770 exp (256 x 105R,T) 1‘
' ! 3 ‘
| | & ! | 22 2.0 5 :
! 4. !CO,+M —>»0+CO+M| C,0,0,CO0CO, 881x1022T20 exp(1.256 x 105R T) !
‘ : ! i '
! ‘ |
| 5 C0+CO —>C+CO, | 233x 1097105 exp (1305 x 105RT) |
1 ‘
| ks 1705 5
6. |0+CO —»C+0, 273x 1077 T 7 exp {-1.381 x 10°/R,T)
s N + 12 {05 N 15__3
7. (€O +CO* —= CO, + C 107 x 1012 108 exp (6705 x 104/R,T) 300°K VALUE OF k, = 1.14 x 101° cm3/mole sec
{OR 1.9 x 109 cm3/sec) FROM EXPERIMENTAL DATA OF REF. 21
s + 11405 a 12_23 ;
8. [co+ct—= c+CO . 603 x 1011 705 exp (6336 x 10%R,T) 300°K VALUE OF k, ESTIMATED TO BE 9.1 x 10'2 cm3/mole sec
{OR 1.5 x 10711 cm3/sec)
. + 12 10.5 4 1, 3
9. [0+ct—»cCc+0 666 x 102 705 exp (5.416 x 10%/RT) 300°K VALUE OF k, ESTIMATED TO BE 1.7 x 1014 cm3/mole sec
(OR 2.8 x 10710 ¢cm3/sec)
. + 12 0.5 3 o 13_.3
10. [cO+0"—>0+CO 1.09x 10'2 705 exp £9.222 x 103/R,T) 300°K VALUE OF k, ESTIMATED TO BE 2.8 x 1013 cm3/moe sec
{OR 4.6 ¢ 1011 cm3/sec)
+ ke + 12 +0.5 4
1. [0+cO*—»0,+C 547 x 10'2 705 exp (7.470 x 10*R T
kr
12. |[cot+e—>C+0 (DETERMINED FROM THESE EXPERIMENTS
SEE FIG. 9)
kr
13. [ctee+é—»CHe (DETERMINED FROM THESE EXPERIMENTS
SEE FIG. 6)
k|’
14. [0t +ete —»0+e 1.9 x 1040 7745 ESTIMATED BY ANALOGY TO REACTION #13 WHICH WAS
MEASURED
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Table 2

SUMMARY OF EXPERIMENTAL RESULTS OBTAINED WITH
RAM C S-BAND ANTENNA 1IN CARBON MONOXIDE PLASMA

RUN | LOCATION PEAK n/nlen ANTENNA IN FREE SPACE BEFORE ANTENNA IN FREE SPACE ANTENNA WITH PLASMA ANTENNA WITH PLASMA
» OF ELECTRON PLASMA ARRIVAL ROTATED AND CORRECTED OVER APERATURE ROTATED AND
ANTENNA DENSITY FOR LINE LOSS - CORRECTED FOR LINE LO6S
IN PLATE OVER #1 #2 | #3 ra REFL. #1 #2 #3 #a REFL
ANTnENNA ARC | ARC | ARC | ARC | ARc Y i ARC | ARC | ARC | ARC | ARC Y i
e
— e‘/cm3 - .
1 POS #1 22 x1011 | 158 1.00 0.85 1.03 1.156 | 0.152 1.48+j0.02 | 0.192 1.800 | 092 0505 | 1662 | 0662 0-j1.72 1.0
2 POS #1 34 x10tt 243 1.024 | 0864 | 1.016 | 1.140 | 0.134 1.40-j0.02 | 0172 1.636 | 051 0930 | 1.840 | 0688 0-j3.50 1.0
3 POS #1 43 x 101 | 307 1.044 | 0876 | 1.016 | 1.144 | 0.128 1.38-j0.08 | 0.170 1660 | 0502 | 1.000 | 185 | 0.71 0-j3.70 1.0
SHORT OVER ANTENNA APERATURE 1.280 | 0.180 | 1.325 | 1.830 [ 0.843
] POS #2 27 x101 |193 0.95 0.89 1.07 112 0.148 1.35+j0.19 | 0.17 1.376 | 1.498 | 0916 | 0630 | 0585 0205-j0.245 068
5 POS #2 3.15x 1017 | 225 0.96 0864 | 1.078 | 1.14 0.148 1.38+j0.18 | 0.175 1522 | 1.396 | 0.670 | 0.842 | 0.630| 0.22-j0.470 0.705
6 POS #2 1.58x 1011 | 1.13 0964 | 0.874 | 1078 | 1.152 | 0.140 1.39+j0.19 | 0.8 0722 | 1516 | 1572 | 0.774 | 0.600 | 0.17+j0.450 0.780
7 POS #2 172x1011 (123 0976 | 0.890 | 1086 | 1144 | 0.131 1.36+j0.18 | 0.165 1136 | 1.620 | 1.200 | 0.434 | 058 0.175+j0.04 0.710
*Pos #2 1.22x 1011 | 0.87 0976 | 0.890 | 1.086 | 1.144 | 0.131 1.36+j0.18 | 0.165 0.58 1124 | 1550 | 1.176 | 0515 0.49+j087 0817
8 POS #2 1.72x 1011 | 1.23 0.970 | 0862 | 1.050 | 1.134 | 0.130 1.38+j0.12 | 0.165 1.196 | 1.550 | 1.170 | 0476 | 056 021-j0.018 | .0882
* POS #2 108x 1011 | 0.768 0970 | 0.862 | 1.050 | 1.134 | 0.130 138+j0.12 | 0.165 0.88 0854 | 1.240 | 1.230 | 0.360 | 1.72+j0.85 0.39
9 POS #2 48 x1010 | 0343 0976 | 0.876 | 1.050 | 1.140 | 0.122 1.38+j0.10 | 0.165 0976 | 0.876 | 1.050 | 1.140 | 0.122| 1.38+0.10 0.186
10 POS #2 34 x1010 | 0.243 0944 | 0876 | 1.064 | 1.122 | 0.140 1.33+j0.24 | 0.18 0996 | 0904 | 1.090 | 1.120 | 0.140( 1.30+j0.13 0.146
1 POS #2 48 x1010 | 0342 0944 | 0861 | 1.058 | 1.122 | 0.145 1.38+j0.18 | 0.175 0944 | 0861 | 1058 | 1.122 | 0145 1.38+j0.18 0.175
12 POS #2 1 83 x1010 | 0592 0944 | 0864 | 1.050 | 1.122 | 0.143 1.36+j0.17 | 0.17 0.830 | 0900 | 1232 | 1.160 | 0.280| 1.18+j0.70 0.315
* POS #2 7.34x 1010 | 0.522 0944 | 0864 | 1.050 | 1122 | 0.143 1.36+j0.17 | 0.17 0856 | 0762 | 1.110 | 1.240 | 0.305| 1.70+j0.65 0.347
13 POS #2 84 x10'0 | 0.600 0976 | 0.876 | 1.050 | 1.136 | 0.142 1.38 +j0.10 | 0.165 0.856 | 0840 | 1.312 | 1296 | 0.415| 151+j095 0.40
14 POS #2 142x 10" {1012 0.966 | 0.836 | 1.038 | 1.136 | 0.181 143 +)0.10 | 0.182 0.57 1.3%6 | 1562 | 0952 | 0560 | 0.26 +j 0.67 0.70

NOTE: 1) THE VOLTAGE REFLECTION COEFFICIENT, ||, GIVEN HERE HAS BEEN CORRECTED FOR LINE LOSS TO GET THE UNCORRECTED VALUE, MULTIPLY BY 0.836.
2) ANTENNA FREQUENCY WAS 3348 MHz AND THEREFORE n }.p =1.4 1011 o/em3
3) * INDICATES POST TEST-TIME DATA
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Table 3

SUMMARY OF EXPERIMENTAL RESULTS OBTAINED WITH RAM C-C S-BAND
ANTENNA AT PLATE POS #1 IN CARBON MONOXIDE PLASMA

RUN | PEAKn,OVER |n/n)cp ANTENNA IN FREE SPACE ANTENNA IN FREE ANTENNA WITH PLASMA ANTENNA WITH
* BEFORE PLASMA SPACE ROTATED & OVER APERATURE PLASMA ROTATED &
ANTENNA CORRECTED FOR CORRECTED FOR
" 2 #3 12 REFL. LINE LOSS no| e #3 #4 REFL. LINE LOSS
e/cm3 ARC | ARC | ARC | ARC | ARC ARC | ARC | ARC | ARC | ARC
Y Ir| | Y I
FOIL UNDER PLEXIGLAS 1872 | 108 | 0342 158 | 090
15 2.7 x 101 193 0716 | 114 | 1.30 | 0944 | 0318 | 048+j0.02 | 035 | 0476 | 1.472 | 1.764 | 1070 | 076 | 0072+ 0005 | 0.862
16 38 x 101 2.1 0728 | 1164 | 1.32 | 0952 | 0325 | 047-j0.01 [ 036 | 0610 | 1570 | 1.74 | 0956 | 0772 | 0077-j0.09 0.880
*2.67x 1011 191 0464 | 1.476 | 1.716 | 0.896 | 0.762 | 0.092-j0.038 | 0.830
17 T195x 101 1.39 0734 | 1144 | 1306 | 0956 | 031 | 049+j0005 | 0.342 | 0.376 | 1.404 | 1.816 | 1.230 | 080 | 0.060+;0.085 | 0.880
1.77x 1011 1.26 0.324 | 1.304 | 1.780 | 1.290 | 0.792 | 0.065+;0.147 | 0.080
®203x 1011 1.45 0276 | 1.396 | 1.764 | 1.142 | 0.792 | 0.063+j0.08 0.880
18 4.06 x 101 2.90 0722 | 112 | 1284 | 0944 | 0302 | 0.50+j0.025 | 033 | 0590 | 1.520 | 1.720 | 0974 | 0.760 | 0.085-j0.075 | 0846
19 1.32x 101 0943 | 0704 | 1.136 | 1.314 | 0958 | 0320 | 0.48+j0.03 [ 035 | 0514 | 1040 | 1674 | 1.444 | 0710 | 0.14 +jo.418 | 0790
*1.04x1011 0.742 0682 | 0878 | 1.444 | 1380 | 0525 | 034 +jo.49 | 0582
20 2.0 x 1070 0642 | 0704 | 1136 | 1310 | 096 | 0318 | 048+j003 | 035 | 0796 | 1.020 | 1.240 | 1056 | 0.249 | 0.625+j0.15 025
NOTE: 1) THE VOLTAGE REFLECTION COEFFICIENT, [}, GIVEN HERE HAS BEEN CORRECTED FOR LINE LOSS. TO GET THE UNCORRECTED VALUE, MULTIPLY BY 0.90.

2) * INDICATES POST TEST-TIME DATA AND t INDICATES PRE TEST-TIME DATA.
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REFLECTED—SHOCK TEMPERATURE: 6260 °K
REFLECTED-SHOCK PRESSURE: 10.0 atm

PROBE OUTPUT
0.02 ma/cm

PROBE
QUTPUT
0.2 ma/cm
APPLIED
VOLTAGE
-5 TO +2v

o

APPLIED
VOLTAGE

- +2V
5TO {a} ELECTRON RETARDING REGION {b) ION—CURRENT REGION

PROBE VOLTAGE
5V/cm
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e R
) - s

(deg <" .
_ i 3 x 1010 e—/cm3 §

(c) 17 GHz MICROWAVE INTERFEROMETER DATA

Figure 2 TYPICAL PROBE CHARACTERISTICS AND MICROWAVE—INTERFEROMETER DATA
IN CARBON MONOXIDE PLASMA AT 325 in. FROM THE NOZZLE THROAT



REFLECTED-SHOCK TEMPERATURE: 7060 °K
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CHARGED SPECIES CONCENTRATION, moles/gm MiX
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KEY TEMPERATURE HISTORY
O | ELECTRON TEMPERATURE FROM LANGMUIR-PROBE DATA
1 CALCULATED HEAVY-PARTICLE TRANSLATIONAL TEMPERATURE
2 ELECTRON-TEMPERATURE HISTORY USED IN DATA ANALYSIS

TEMPERATURE, °K
)
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REFLECTED-SHOCK TEMPERATURE: 7060 °K
REFLECTED-SHOCK PRESSURE: 17.3 atm
DRIVEN-TUBE GAS: 10.0 Torr CARBON MONOXIDE
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Figure 5 MEASURED ELECTRON TEMPERATURE IN EXPANDING CARBON MONOXIDE PLASMA
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THREE-BODY REACTION-RATE COEFFICIENT

KEY AUTHOR, TEST GAS, REFERENCE
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b | MOTLEY AND KUCKES (HELIUM), 9
© | ALESKOVSKI (CESIUM), 14
o | ROBBEN, KUNKEL, and TALBOT (HELIUM), 15
[ | park muiTROGEN), 18
———| MAKIN AND KECK, k, =8.34x 1039 7,45 4
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Figure 8 MEASURED ELECTRON TEMPERATURE IN EXPANDING CARBON MONOXIDE PLASMA
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{a) WEDGE-PROBE OUTPUT AT 32.5 in.
FROM THROAT: UPPER - PROBE NO. 4
LOWER - PROBE NO. 5
BIAS VOLTAGE: -5.0 volts

RESISTOR: 1000 ohms
|IIIIIIIIIIIIIIIIII

ATTENUATION F

(dB)

— g

[

ST 100 ksec

(b) WEDGE-PROBE OUTPUT AT 32.5 in.
FROM THROAT: UPPER - PROBE NO. 7
LOWER - PROBE NO. 8
BIAS VOLTAGE: -5.0 volts
RESISTOR: 1000 ohms

—t

PHASE
(deq)

(c) 17 GHz MICROWAVE INTERFEROMETER
QUTPUT AT 31.5 in. FROM THROAT

Figure 12 TYPICAL WEDGE-PROBE AND MICROWAVE INTERFEROMETER DATA IN A NITROGEN PLASMA
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Figure 17 ELECTRON-DENSITY DISTRIBUTION MEASURED IN NOZZLE-WALL BOUNDARY LAYER
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Figure 18 PROBE RAKE FOR BOUNDARY-LAYER PROBING
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PROBE OUTPUT
0.01 mA/cm

APPLIED
VOLTAGE
-5 TO +2

(a) |ON-CURRENT REGION OBTAINED AT (b) ELECTRON-RETARDING AND ELECTRON-
0.060 in. FROM PLATE SURFACE CURRENT REGIONS OBTAINED AT

AT 6.75 in._FROM LEADING EDGE 0.060 in. FROM PLATE SURFACE AT
7 _ 6.75 in. FROM LEADING EDGE

REFLECTED-SHOCK TEMPERATURE: 12,150 °K
REFLECTED-SHOCK PRESSURE: 30.1 atm
DRIVEN-TUBE GAS: ARGON + 0.12% No

L.,B,, o [ TEST TIME [
e - B

(c) 17 GHz MICROWAVE INTERFEROMETER
OBTAINED AT 21.5 in. FROM THROAT

Figure 19 TYPICAL PROBE CHARACTERISTIC AND MICROWAVE-INTERFEROMETER DATA IN ARGON~NITROGEN PLASMA
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Figure 25 SCHEMATIC DIAGRAM OF FOUR-PROBE X-BAND REFLECTOMETER
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Figure 26 SCHEMATIC DIAGRAM OF FOUR-PROBE S-BAND REFLECTOMETER
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(c} REFLECTOMETER DIODE #3 {d) REFLECTOMETER DIODE #4

10 mV/em

1) ANTENNA LOCATED AT 11.25 in. FROM PLATE LEADING EDGE 1
2) PEAK ELECTRON DENSITY OVER ANTENNA DURING TEST TIME WAS ~2.7 x 10 ‘o/em>
3) RUN #4, TABLE 2

Figure 27 TYPICAL REFLECTOMETER AND MICROWAVE—-INTERFEROMETER OSCILLOSCOPE
RECORDS FOR RAM C S-BAND ANTENNA IN CARBON MONOXIDE PLASMA
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{f) 17 GHz MICROWAVE INTERFEROMETER AT {g) 17 GHz MICROWAVE INTERFEROMETER ON
1 in. UPSTREAM OF PLATE LEADING EDGE FAST SWEEP SPEED

Figure 27 TYPICAL REFLECTOMETER AND MICROWAVE—-INTERFEROMETER OSCILLOSCOPE
"RECORDS FOR RAM C S-BAND ANTENNA IN CARBON MONOXIDE PLASMA (Cont.)
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S-BAND ANTENNA IN CARBON MONOXIDE PLASMA
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{c) REFLECTOMETER DIODE #3 (d} REFLECTOMETER DIODE #4

1) ANTENNA LOCATED AT 6.75 in. FROM PLATE LEADING EDGE
2) PEAK ELECTRON DENSITY OVER ANTENNA DURING TEST TIME WAS n, 3.8 x 10! e/cm®
3) RUN #16, TABLE 3

Figure 31 . TYPICAL REFLECTOMETER AND MICROWAVE—INTERFEROMETER OSCILLOSCOPE
RECORDS FOR RAM C-C S-BAND ANTENNA IN CARBON MONOXIDE PLASMA
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Figure 32 SUMMARY OF DATA TAKEN WITH RAM C-C S-BAND ANTENNA AT PLATE
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APPENDIX "A"

SIGNAL ATTENUATION IN THE ABSENCE OF ABLATION
FOR MARS-VIKING ENTRY CONDITIONS

By M. G. Dunn and S. W. Kang

Cornell Aeronautical Laboratory, Inc.
Buffalo, New York

1. INTRODUCTION

Near the end of this contract, a study was performed using state-
of-the-art techniques to obtain estimates of the signal attenuation for the
Mars-Viking entry conditions. Flow-field calculations with nonequilibrium
chemical reactions were carried out in order to obtain preliminary
estimates of the electron-density and collision-frequency distribution in the
stagnation region of the Viking lander capsule for the min p ,s» mean p s
max p g and max H p , S trajectories supplied by the Martin' Company! for a
-17° entry angle.

For the purposes of the preliminary estimates required of this study
and the short time period available, the stagnation-region plasma was felt to
be reasonably representative of the plasma anticipated over the conical sec-
tion of the forebody. Estimates of the plasma-layer thickness and the
number-density distributions are presented later in the text for locations a-
way from the stagnation region which provide an indication of the probable
differences between the plasma in these locations. As will be discussed later,
this downstream flow field should be analyzed in more detail in order to ob-
tain improved estimates of the signal attenuation history.

The calculated electron-density and collision-frequency distributions
in the stagnation region plasma were used to calculate the plane-wave trans-
mission coefficient (for frequencies from 100 Mc to 3000 Mc) history for the
maxp g and max Hp, g trajectories. Both inviscid and viscous-layer
flow-field analyses were performed. The atmospheric composition was con-
sidered to be either 99% COj + 1% Nz or 75% CO2 + 20% Ar + 5% Nj.
Time did not permit an assessment of the influence of ablation impurities on
the electron-density and collision-frequency distributions. It is felt that the
ablation impurity question must be answered before appropriate estimates of
these necessary distributions can be obtained.

The nonequilibrium calculations mentioned above utilized a set of
reaction rate coefficients given in Table 1A that represented our best esti-
mates considering the current state of the art. As will be shown later, the
predicted electron densities are sensitive to the magnitude of the rate



coefficients selected for each of several reactions. It is important to empha-
size that the predictions presented here are only as accurate as the reaction
rate coefficients used in the analysis.

The technique used herein to calculate the inviscid, nonequilibrium
flow behind the bow shock was that described by Marrone? and Gibson and
Marrone.3 Since this technique is well known, it is not necessary to discuss
it in detail. However, the viscous-layer flow-field calculation technique is
not as well known and Section 2 is included in this appendix in order to help
clarify the physics of this problem. In section 3, typical results of the cal-
culations performed during the available time period are presented. A brief
description of the downstream viscous-layer solution and a description of the
technique that could be used to predict the influence of ablation impurities on
the plasma properties are given in Section 4. Recommendations for future
work that should be completed before accurate estimates of the communica-
tion blackout boundaries can be defined are given in the conclusion of the
text.

2. VISCOUS, HYPERSONIC SHOCK-LAYER

During entry into the Martian atmosphere, the flow field surrounding
the Viking vehicle undergoes changes in character depending upon conditions
such as the vehicle velocity, angle of attack, the Mars atmosphere model,
and the altitude. For given flight conditions, the important parameter de-
lineating the character of the flow is the altitude (or density) effect. Specif-
ically, at low altitudes, the flow field consists of a thin boundary layer and
an inviscid shock layer around the vehicle. However, the low-density effect
(or low-Reynolds number effect) prevails at high altitudes, resulting in the
completely viscous shock layer, and there no longer exists an 'inviscid"
hypersonic shock layer and a thin ('"Prandtl") boundary layer. Thus it is im-
portant to determine where the viscous shock-layer regimes exist for given
flight conditions in the Martian atmosphere.

For this purpose, calculations were performed for the boundary-
layer thickness ( 6§ ) and the inviscid shock-layer thickness ( A) as a function
of the altitude for various Martian entry trajectories. The boundary-layer
thickness was calculated from the Prandtl equations and is based on the works
of Fay and Riddell? and Scala and Baulknight.> Separate calculations were
made for the inviscid shock-layer thickness based on Hayes and Probstein.®

Figure 1 shows the results of these calculations in terms of &/ A at
the stagnation region as a function of the altitude and the flight trajectory.
The lower shaded region describes the altitude ranges in which the thin
boundary-layer approximation and the inviscid shock-layer equations are
valid. And, strictly speaking, this is the region in which the above calcula-
tions are quantitatively meaningful. Beyond this region, that is, for
8/ A2 0.1 (higher altitudes), the flow-field character changes such that at
first the viscous interaction is important and then the "inviscid' shock layer
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disappears as a result of the viscous effects extending all the way to the
shock wave. Therefore, beyond the lower shaded portion, it is no longer
correct to treat the flow field in terms of the thin boundary-layer flow and
the inviscid shock layer.

The upper shaded portion delineates the altitude ranges in which the
shock layer is now entirely viscous. This brings about two effects which
directly influence the magnitudes of the electron-number densities in the
shock layer. The first is that the effect of the low surface temperature of
the vehicle is felt in the entire shock layer, causing a decrease in the over-
all flow-field temperature. The second is that there exists species diffusion
in the layer so that the electrons diffuse both to the vehicle surface and to
the shock wave, resulting in lower values of the electron-number densities
and a '"'smoothed-out' profile shape in the viscous shock layer.

It is thus clear that new analyses are necessary for this region deal-
ing with the effects described above. This has been done by Kang for the
case of mass injection, ! for the ionized nonequilibrium case® and for the ab-
lating nonequilibrium case.? These analyses were applied to the Mars entry
case for the Viking vehicle and some of the results obtained to date will be
presented in greater detail in the following sections. For the intermediate
"'viscous-interaction'’ region between the viscous-shock-ayer flow regime
and the boundary-layer flow regime, the analysis for the viscous-layer flow
was extended to obtain the electron-number-density distributions. The re-
sults based on the thin boundary-layer and the inviscid shock-layer flow will
also be presented for comparison in the following sections.

3. RESULTS OF INVISCID AND VISCOUS SHOCK-LAYER CALCULATIONS

The previous section described the altitude region of applicability for
the four atmosphere-trajectories of interest in terms of the thin boundary-
layer-inviscid flow regime and the viscous shock-layer regime. In this sec-
tion we present results obtained throughout these entry trajectories assum-
ing that each of these two flow-field analyses were valid. It is very important
to emphasize that in the altitude region between these two regimes (see
Fig. 1) the thin boundary-layer-inviscid flow analysis gives an upper limit of
the number density and the viscous shock-layer analysis gives a lower limit
of the number density. Therefore, it is necessary for the user of these cal~
culations to apply some judgement, based upon his particular interest, in
arriving at the predictions of electron number density in this intermediate
flow-field regime.

Before continuing with the presentation of our results, it is important
to re-emphasize that the calculations presented in this section do not include
the influences of ablation products on the shock layer electron-density and
collision-frequency profiles. The reader is cautioned against directly apply-
ing the results presented herein in view of the possible major effects of ab-
lation products. The Martin Compa.ny1 has already performed calculations
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to assess this importance in the thin boundary-layer flow regime assuming
conditions of chemical equilibrium. The possible influences of finite rate
chemical reactions on these boundary-layer profiles should probably be
assessed. A later section of this appendix describes a method that could be
used to assess the importance of these impurities in the chemically-reacting
viscous shock-layer regime. It would also then be possible to estimate the
electron number densities in the altitude regime between these two flow
regimes as discussed in the previous paragraph.

3.1 Chemical Kinetics Model and Rate Coefficients

The inviscid, nonequilibrium flow-field program was initially used
with a large chemical kinetics model to ascertain the relative importance of
various chemical reactions through the shock layer. By doing so, it was
possible to reduce the model to the reactions and their respective rate co-
efficients given in Table 1A, Of these, reactions 14-18 and 20, 21 and 23
could in general be eliminated from the model without loss of accuracy pro-
viding that their rate coefficients given in Table 1 are correct.

The electron-density distributions and peak values predicted in the
shock layer are sensitive to the magnitude of the reaction rate coefficients
as illustrated in Fig. 2. For this particular case, the magnitude of the rate
coefficient for the reaction COp + M—=CO + O + M was varied by £10 from
the Table 1 value. The difference between the peak values of predicted elec-
tron density is approximately an order of magnitude. The influence of this
rate coefficient perturbatlon on the heavy- part1cle translational temperature
distribution and on the NOT 02+ » and CO7% ion concentrations is shown
on Figs. 3 and 3(a). The relative importance of the O t and NO% ions in
the shock layer is shown to be influenced by the neutral chemistry reaction.

Several invest:iga.tors1 1-13 have studied this reaction at low tempera-
tures in shock-tube environments. However, there still exist large uncer-
tainties in the reaction rate coefficients for unknown reasons. Brokaw!4has
suggested that the difficulty associated with these previous measurements is
the presence of hydrogenous impurities. To date, the difficulty has not been
satisfactorily resolved.

Two additional reactions of 1mportance in the plasma layer are (1)
N + CO, K1, NO + CO and (2) O + Np K2.NO + N. The rate coefficient
for reaction (2) has recently been measuredl5 in a shock-tube environment
and is known to within a factor of 13 for a temperature range of 2000 to
5000°K. The rate coefficient for reaction (1) has not been measured for the
environment and temperature range of interest.

There are uncertainties in many of the remaining neutral chemistry
reactions that also could result in pronounced influences on the predicted
electron-density levels. If these influences happen to be additive, then it
would be possible to realize much higher electron-density values than those
presented in the remainder of this work.
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3.2 Collision-Frequency and Electron-Density Distributions
in Stagnation-Region Plasma

The collision-frequency and electron-density distributions in the
stagnation region plasma were calculated for many points along each trajec-
tory using the inviscid, nonequilibrium-flow analysis and the viscous shock-
layer, nonequilibrium-flow analysis. The electron-neutral momentum-
transfer cross sections for the species O, CO and CO2 have been exper-
imenta.ll?r determined over the electron energy range of interest by Hake and
Phelps. Cross sections for the remaining species are well known from
previous earth-entry studies. For all of the trajectory points considered,
the electron-ion collision frequency was always small compared with the
electron-neutral collision frequency.

Figure 4 presents a comparison of collision-frequency distributions
calculated using the inviscid and merged-layer analyses for the max Hp g
trajectory at an altitude of 285,000 ft and a velocity of 14,500 ft/sec. From
Fig. 1 it is seen that at this trajectory point the merged-layer analysis
would be the correct one to use. Because of the lower wall temperature
associated with the merged-layer solution, the predicted collision frequency
near the wall is somewhat higher than it is for the inviscid solution. Nearer
the shock the results of the two solutions are in good agreement as to the
magnitude of the collision frequency. This lower wall temperature results
in a higher gas density near the wall with a corresponding thinning of the
shock-layer thickness as can be seen from Fig. 4.

The corresponding electron-deunsity profiles for this trajectory point
are given in Fig. 5. The merged-layer profile has a peak electron density
of approximately 1/50 the inviscid flow peak value. Near the body, the in-
fluence of the low wall temperature on the profile can be observed. Because
diffusion is allowed towards both the body and the shock, the number density
is fairly uniform over most of the shock layer.

Figures 6 and 7 present a similar comparison of collision frequency
and electron density for an altitude of 215,000 ft at 14,800 ft/sec for the
maxp g tra_]ectory From Fig. 1, it can be seen that for this trajectory
point the viscous shock- -layer analysis should be valid. Figure 6 illustrates
a significant difference between the collision-frequency distributions with the
prediction of the merged-layer solution being almost a factor of 10 less than
that of the inviscid solution near the shock. The electron-density profiles
presented in Fig. 7 illustrate a significant viscous effect. The peak electron
density predicted by the merged-layer analysis is in excess of 103 times
less than that of the inviscid-flow prediction.

3.3 Predicted Peak Electron Densities
for Various Atmosphere-Trajectories

Inviscid and merged-layer nonequilibrium flow calculations were per-
formed for several points along the min p,ss» mean p, max P, g and



max Hp g trajectories for an entry angle of -17° using an atmosphere com-
posed of 99% CO2 + 1% N2z . These calculations were repeated for the
maxp,s and max Hp g trajectories using an atmosphere composed of

75% COz + 20% Ar +75% N> .

Figures 8 and 9 present the inviscid and merged-layer predictions of
the peak electron densities as a function of altitude for the minp g and
mean p trajectories for an atmosphere composed of 99% CO; -f- 1% Nz .
Referring to Fig. 1, it can be seen that for the minp,g trajectory at alti-
tudes less than 120,000 ft the thin-boundary layer-inviscid flow analysis is
valid and above approximately 215,000 ft the merged layer analysis is valid.
Between 120,000 ft and 215,000 ft altitude the inviscid prediction represents
an upper bound and the merged-layer prediction represents a lower bound to
the electron density. Similarly, for the mean p trajectory the boundary-
layer regime is below 115,000 ft and the merged-layer regime is above
approximately 195,000 ft. For intermediate altitudes the results can be used
in the manner described earlier in this paragraph.

The influence of ablation products on the peak electron densities has
not been included in these results. Because of this, the altitudes of pre-
dicted! 4 c)max and O. 5<ic) are noted on Figs. 8-11. For the altitudes
at which 0.54c¢)max occurs, the number density calculated assuming only
atmospheric ionization can be seen to be decreasing. It is therefore clear
that before these results can be used to predict the communications blackout
boundaries, the additional electron production as a result of impurity ioniza-
tion must be assessed.

Figures 10 and 11 present the inviscid-flow and merged-layer flow
predictions of peak electron density for the maxp, g and max Hp g trajec-
tories using the 99% CO2 + 1% N2 and the 75% COz + 20% Ar + 5% N2
atmospheres. Again from Fig. 1, for the maxp g trajectory, the boundary-
layer analysis is valid at altitudes below approx1mate1y 115,000 £t and the
merged-layer analysis is valid above approximately 175,000 ft. The corre-
sponding altitudes for the max Hp s trajectory are approximately 160, 000 ft
and approximately 250,000 ft. Between these altitude ranges, the electron
density lies between the upper limit of the inviscid-flow prediction and the
lower limit of the merged-layer prediction.

Figures 10 and 11 illustrate that adding 20% Ar and an additional 4%
N> to the atmospheric composition results in an increase in the predicted
peak number density of a factor of approximately 10 near the maximum
number-density region. Because of the limited time available, it was not
possible to separate the relative influences of the Argon and the additional
nitrogen.

3.4 Estimated Plane-Wave Transmission Coefficient
The collision-frequency and electron-density distributions described

in Section 3.2 have been used to calculate!? the plane-wave transmission co-
efficient as a function of altitude for the max P,s and max Hp’s
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trajectories using the 75% CO} + 20% Ar + 5% N, atmosphere. The re-
sults of these calculations are shown in Figs. 12 and 13 for frequencies
ranging from 100 Mc to 3000 Mc. For the purposes of this calculation, the
gradients of collision frequency and electron density in the direction of prop-
agation were accounted for by assuming the plasma layer to be composed of
many smaller homogeneous slabs. However, the calculation technique is re-
stricted in that it requires that these gradients normal to the direction of
electromagnetic propagation be negligible.

The predictions of transmission coefficient vs. altitude obtained using
the inviscid, nonequilibrium-flow solutions and the viscous, nonequilibrium-
flow solutions are both included on Figs. 12 and 13. In Section 3.3 the alti-
tude range over which each of these flow-field prediction techniques should
be valid is described. In the intermediate altitude range, it is necessary to
interpolate between the upper limit of the inviscid-flow and the lower limit of
the viscous-flow predictions.

4. DOWN-STREAM VISCOUS SHOCK-LAYER SOLUTIONS
AND ABLATION-PRODUCT IONIZATION

4.1 Downstream Viscous Shock-Layer Solutions

Throughout this appendix it has been emphasized that to date we have
studied the stagnation-region plasma. The downstream flow field is also im-
portant since the radar altimeter is located on the forebody away from the
stagnation region and because we are interested in the number density and
collision frequency in the afterbody region.

The existing a.nalysis8 was applied for the Viking vehicle in the
spherical portion and the results are shown in Fig. 14 in terms of the elec-
tron-density profiles in the viscous shock layer. It may be seen that the
peak electron-number density is greatest in the stagnation region and grad-
ually decreases in the downstream region due to expansion of the flow. For
a very blunt body such as the Viking vehicle, the spherical portion ends at
0 = 20 degrees from the stagnation line (6 = 0) and the results show a decrease
in the maximum electron density level from the stagnation value by a factor
of about two for the given Martian atmosphere (5% Ny, 20% Ar, 75% CO»y).

Beyond the nose region, the body shape changes from a spherical to a
conical section and modification of the presently available program is re-
quired to account for the change in the body curvature. Although there seems
to be no major conceptual difficulty in adapting the program, lack of suffi-
cient time has precluded us from implementing this modification.

4.2 Ablation-Product Ionization

In a hypersonic, viscous shock-layer flow, the ablation species



released into the flow are not confined to a thin layer near the body, but are
diffused all-the way to the shock wave. Of these ''contaminant' species
some will undergo ionization, generating new electrons in addition to those
electrons already in the flow field. At high altitudes, conditions of chemical
nonequilibrium will prevail so that an analysis of nonequilibrium ionization
of the contaminant species should be performed. This had been previously
done by Kang9 and applied to the Apollo vehicle. The analysis, however,
has not been applied for the Viking case due to lack of sufficient time re-
quired to modify the analysis. Hence, the results performed for an air flow
over the Apollo vehicle will be presented here, in order to demonstrate
qualitatively the importance of the ablation effects.

The results are shown in Fig. 15 in terms of the distributions of
electron-number densities across the viscous shock layer for an Apollo
vehicle in the Earth atmosphere for the ablation case. The term N is de-
fined to be the ratio of the ablation mass flux ( Py Vb) to the free-stream
mass flux ( P U, ), where p denotes mass density, V and U the
velocities, and the subscripts b and % the body-surface condition and the
ambient condition, respectively. Physically, the termm N signifies the per-
cent of ablated mass in the flow compared to the ambient mass flux. This
figure illustrates the electron-density profiles for the case of N = 0.1 con-
taining 100 ppm of sodium, and the case of N = 0.1 containing 1000 ppm of
sodium. For comparison, the case of pure air (no ablation) is also included
in the figure. It may be seen that ablation results in the thickening of the
viscous shock layer! and in the increase iin the number of electrons in the
flow due to the nonequilibrium sodium ijonization. It may be seen further
that, for 1000 ppm of sodium species ablated, the peak electron number den-
sity increased by more than an order of magnitude for air. Although it is
not possible to assess quantitatively or extrapolate the increase in the num-
ber of electrons due to ablation in the Martian atmosphere based on the re-
sults obtained for air, it nevertheless seems clear that the effects of
ablation and the nonequilibrium ionization of the alkali metals such as sodium
on the viscous flow field will be sizable in terms of the shock-layer thick-
ness and the electron-number densities around the Viking vehicle during en-
try into the Martian atmosphere.

5. RECOMMENDATIONS

Before estimates of the blackout boundaries for the Viking Mars-
entry trajectories can be obtained from the material presented herein, there
are several remaining problem areas that must be investigated. These
problems are as follows:

(1) To improve our knowledge of reaction rate coefficients for the
CO, atmosphere. Section 3.1 contains a discussion of the current rate-
coefficient information. It is important to recall that the nonequilibrium-
flow electron-density predictions are only as accurate as the reaction rate
coefficients.



(2) Extend the existing nose-region viscous-flow solution with non-
equilibrium chemistry to the downstream region as discussed in Section 4.1.

(3) Investigate-the influence of ablation products on the downstream
viscous-flow electron-density levels. As discussed in Section 4.2 this task
is a natural extension of Item (2) above.

. (4) Investigation of a technique for predicting the near-wake non-
equilibrium flow field for the Viking body.
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Table 1A

CHEMICAL KINETICS MODEL USED IN CALCULATIONS (Cont.)

RATE COEFFICIENT IN DIRECTION SHOWN

NO. REACTION THIRD BODY, M IN cm3/mole sec OR cmS/mole2 sec

16. o+ctcsot 6.66 x 1012705 exp (5.416 x 10%R 1)
17. co+0*—Lo+co* 1.09x 1012705 exp (.9.222x 10%/R_T)
18, o+cot—to,+ct 5.47 x 1012795 exp (.7.470 x 10Y/RT)
19. cot+e—Lceo 1.5 x 10227 1.5

20. Ctee el Cte 2.2 x 1090745

21, Ot +e e 0+e 2.2 x 10407 4.5

2 o§+e'—k-'..o+o 8.0 x 10217 1.5

23 N2f+e'.—"'—N+N 1.5 x 1022715

24, NO* + & —L-N+0 6.7 x 1021715

2, €0+ NO* —L cO* +NO 4,59 x 1012795 exp (-1.006 x 10%/R 1)
2. 0,+N0*£0,* + NO 4.45 x 1012195 exp (.6.521 x 10Y/R,T)
27. co+0,t Shcot +0, 453x 1012105 exp (-4.449 x 109/R )
28, 0+ NO*—E 0,7 +N 5.41 x 1012105 exp (.9.678 x 104/RT)
29, C+NO -k—co +N 5.96 x 1012705 exp (:3.227 x 10%/R,T)
30.. Ar++e'+e'—kLAr+e' 2.2 x 1040Te'4'5




Table 1A

CHEMICAL KINETICS MODEL USED IN CALCULATIONS

Z
°

REACTION

THIRD BODY, M

RATE COEFFICIENT IN DIRECTION SHOWN
IN cm3/mole sec OR ¢cm6/mole2 sec

©® 0O N P O s W N2

[ e e
LU I e

02+M5(—20+M
02+M£LZO+M
co+M—kLc+0+M
c02+M—kf—O+CO+M
C0+CO—kI—c+c02
o+co—kf—c+02
N2+M—ki-2N+M
N0+M—kI—N+0+M
CO+N—kLNO+C
N2+OL(LNO+N
N0+CO—k\LCOz+N
N0+0—kf—02+N
C02+0—kf—02+CO
co+co*—% co,+ct
co + ¢t ¢ + co*
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